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Abstract 
Nearly one in five adults in the United States experience mental illness during a year 
(NAMI). Neurobiological correlates of these diseases may provide treatment options if they are 
better understood. Research has provided evidence supporting p38’s role in many mental health 
disorders. P38 mitogen-activated protein kinases appear frequently in literature regarding cellular 
threats, such as UV irradiation, and subsequently serves various functions including cellular 
death. With respect to neurological and psychiatric disease, many of the observed effects are 
related to structures or substrates that are regulated, at least in part, by p38 or its downstream 
targets.  The goal of this review is to examine the role of p38 in neural function and observable 
behavior as well as to review recent research suggesting a novel pathway through which p38 
may act in response to DNA damage induced by psychological stress. This review will look 
through literature detailing p38’s pathway and its relation to the novel GSK3𝛽 serine site and 
DNA damage to make a case for these kinases’ activity as the underlying mechanism in many 
mental illnesses.  
 
 
  
   
 
Carr 3 
 
Chapter 1. 
Introduction to Molecules in the p38 Pathway and Brain Disorders 
 
Diseases of the brain 
With current advances in technology and research methodology, large problems, such as 
diseases, are able to be boiled down to the smallest components, such as an active site on a 
protein. Observing and developing an understanding of all the working parts of cells and all of 
the messenger molecules that drive functioning, is often how treatments are found in the 
psychiatric and larger pharmaceutical field. For example, once it was found that seizures were 
due to hypersynchronous discharge of neurons in a particular region of the cortex, they were able 
to treat seizure disorders with use of pharmaceuticals that activate GABA, which is the brain’s 
main inhibitory neurotransmitter (Bittigau et al., 2002).  
The brain is a system of neurons, their pathways and supporting cells. Within these cells, 
there are a variety of proteins that give rise to pathways and contribute to the intricate 
organization of the brain. Dysfunction or dysregulation in these complexes can lead to many 
disease states, such as Alzheimer’s disease. Alzheimer’s is currently believed to be caused by the 
build-up of proteins, and is well known for its progressive cognitive decline. Huntington’s 
disease is caused by repeats of a protein and leads to break-down of nerve tissue. It is known to 
cause emotional problems and cognitive difficulties (NIH). Parkinson’s disease presents as a 
general loss of motor control, and is caused by a loss of dopaminergic neurons in a brain region 
called the substantia nigra. Mental illness often presents with similar symptoms of the diseases 
mentioned above, though etiologies of these diseases, such as anxiety or depression, remain 
poorly understood in comparison to an illness like Alzheimer’s. 
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Mental illnesses affect large portions of the population, and some of these illnesses, such 
as addiction are becoming more and more of a pressing issue. They reduce quality of life, are 
poorly understood, and consequently are poorly managed. Mental illness has a large impact on 
society with respect to health care, and behaviors and other symptoms that result have extreme 
consequences in that some may not be functioning at their peak ability when experiencing a 
mental illness. Everything affects everything else, in one way or another, and having reduced 
functioning in individuals may delay solutions to other problems that are entirely unrelated to 
mental health, but are not wholly unaffected by it. Similarly to how all areas of life seem to play 
some part in each other area, molecules and compounds in biology interact with other substrates 
in some shape or fashion. Stress seems like an obvious precursor to mental illnesses, but exactly 
which substrates and structures are at the root of this pathology are not well characterized. 
Changes in activity at the cellular level may impact cells in a completely different region of the 
body, possibly with hundreds of pathways or compounds in between, but finding the specific 
pathway that seems to be central to mental illness will create novel drug targets, and thus 
improve treatments.  
There are several kinases, such as p38 MAPK and GSK3𝛽that seem to underlie various 
phenotypes seen in mental illness, which can be observed via their activity in neurodegenerative 
diseases, which has symptoms reminiscent of various mental illnesses. It has been seen that p38 
is phosphorylated in response to stressors, with cellular stimuli being well studied in this context. 
P38 can then phosphorylate GSK3, which has known functioning critical to apoptosis. Apoptosis 
and atrophy underlie various brain disorders, and is seen in the brain along with physical 
presentations of behaviors and symptoms that are also seen in mental illness. These two kinases 
may interact together in response to stressors and may lead to morphological changes that 
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eventually cause mental illness. In addition to this, DNA damage and subsequent apoptosis may 
be involved with the kinase’s activity underlying various mental illnesses. 
 
P38 Mitogen-activated protein kinases (MAPKs) 
MAPKs are thought of as one of the oldest signal transduction pathways, and they 
regulate cellular functioning such as mitosis, metabolism and cellular death (Widmann et al., 
1999). They function in this capacity due to their activation at times of cell division, cell 
activation or during mitosis or interphase transitions (Her et al., 1991).  In general, kinases are 
enzymes that work by changing the shape of other proteins, which, like other modifications, 
serves to regulate function via the change in structure. There are multiple MAPK pathways, and 
they are divided into different families, including classical MAPKs, C-Jun N-terminal kinases 
(JNK) and p38.  
The p38 MAPKs are most frequently activated by cellular stress such as osmotic heat, 
cytokines and UV radiation. Due to their type of activation, p38 MAPK is sometimes referred to 
as a stress-activated protein kinase (SAPK). This family of kinases, which has four subtypes 
including alpha, beta, gamma and delta, has a variety of critical roles (Ichijo, 1999). P38 alpha 
and beta are expressed throughout the body, whereas gamma and delta have variance in their 
expression dependent on the type of tissue. MAPKs require an activation loop, where a segment 
of amino acids forms a phosphorylation lip that sterically blocks activation by incorrect 
molecules, and only becomes active when there is dual phosphorylation. This family of kinases 
can all be categorized by a threonine-glycine-tyrosine dual phosphorylation motif. This means 
that regulation of p38 requires phosphorylation at both the threonine and tyrosine sites (Hanks & 
Hunter, 1995). P38 is activated by cytokines in the inflammatory response, and can respond to 
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hormones as well.  They have been found to be important for the immune response, as p38 is 
active in macrophages and T-cells (Roux & Blenis, 2004).  In general, p38 is extremely versatile 
in its many pathways leading to many different critical functions, so it stands to reason why this 
kinase may be at the root cause in a variety of illnesses. 
P38 MAPKs have been implicated as a site of dysfunction in many pathologies, and 
therefore have been looked at as possible therapeutic drug targets. Since p38 plays a large role in 
things such as cellular death, it may also have a part in the negative effects of psychological 
stress in the context of mental illness, which studies have linked to apoptosis and degeneration. 
While apoptosis, or programmed cell death, is a normal and necessary function, overactivity can 
lead to a plethora of issues, like neurodegenerative diseases (Xia, 1995). Underexpression of 
apoptosis, on the other hand, can lead to issues such as cancer, where cellular growth is 
uninhibited, leading to malignancies. Degeneration in the brain is linked to apoptosis, and 
involves neuronal loss and subsequent deterioration of function that is sometimes seen in 
prolonged or severe mental illness.  
 
Upstream Activators of P38 
         There are a range of stimuli that can activate p38, some of which can activate p38 in 
certain cells, and not in others. For example, insulin can activate p38 in certain types of fat cells, 
but downregulates p38 activity in forebrain neurons of fetal chicks (Heidenreich & Kummer, 
1996). This suggests specificity of p38’s role by location, indicating an importance to 
understanding its role in an individual capacity per tissue where p38 is expressed. Considering 
p38 is highly expressed throughout the brain, it is important to understand its functioning in brain 
tissues. P38 kinases, like all MAPKs, can be activated by MAP kinase kinases (MKKs) which 
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are dual kinases, meaning they can behave as both a tyrosine kinase and a serine/threonine 
kinase, the latter of which classifies a p38 kinase. MKKs can phosphorylate hydroxide groups on 
the threonine site and the tyrosine site of a p38 MAPK, which is required for its activation. P38 
is specifically activated by MKK3 and MKK6, though it has been observed that MKK4 can 
assist in the activation of alpha and delta isoforms in specific cellular types (Jiang et al., 1997). 
Further upstream in the p38 pathway are a large range of MKK kinases (MAP3K) that 
relay in one way or another to participate in activating p38 kinase. Overexpression of these 
kinases leads to activation of both the p38 and JNK pathways, providing a plausible reason for 
why these MAPKs are co-activated (Ogura & Kitamura, 1998). TAK1 is an example of one of 
the MAP3Ks; it mediates transduction of signals, and can control transcription as well as 
apoptosis (Moriguchi et al., 1996). ASK1, or apoptosis signal-regulating kinase 1, is a MAP3K 
that can eventually induce apoptosis (Ichijo et al., 1997).  
Upstream of the MAP3Ks are more proteins, such as the Tumor Necrosis Factor (TNF) 
receptor-associated factor-2 (TRAF2), which is an adaptor protein with a TRAF domain that 
facilitates interaction with signaling molecules, such as cell surface receptors. This TRAF 
molecule is expressed throughout the body, whereas others, such as TRAF5, are expressed in 
varying amounts and are known to exist in lower levels in the brain (Ishida et al., 1996). This 
TRAF2 protein responds to proinflammatory cytokines, as well as UV irradiation, both of which 
are considered stress stimuli (Ivanov, Fodstad and Ronai, 2001). Given the variance in what can 
activate P38, even if all stimuli are classified as cellular stress, it makes sense why the different 
isoforms are differently expressed throughout the body leading to the numerous functions this 
MAPK is known to have. 
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Glutamate is the brain’s main excitatory neurotransmitter, and research has shown that it 
can activate p38 pathways. Glutamate has many roles, with plasticity and neurotoxicity among 
them. The cell death associated with glutamate has been indicated in diseases such as 
Alzheimer’s. Glutamate activates many things via movement of calcium ions, including p38 
MAPK. This was observed in cerebellar cells, who shared high activation of p38 after glutamate 
treatment, and other stress pathways were activated, but not to the same extent (Kawasaki et al., 
1997). This suggests that it is more specifically the activity of the p38 MAPK pathway that 
serves to carry out apoptosis in response to glutamate. 
P38 is also activated in response to DNA double-strand breaks (DSBs), which can occur 
due to ionizing irradiation, which is gamma or X-ray radiation that carries enough radiation to 
cause electron removal, resulting in a charged atom. It can also occur due to use of some anti-
cancer drugs. This response serves to prevent the continuation of the cell cycle when there is 
DNA damage. The function acts as a G2/M checkpoint, and inactivation of p38 is required for 
the cell to proceed to cellular division. This finding has been observed in lymph cells that are 
located in the thymus (Pedraza-Alva et al., 2006). P38’s activation by DNA damage allows the 
cycle to be delayed, which provides the time needed for the DNA repair to occur. While this 
finding is not specific to the brain, DNA damage has been see in brain tissue, and is commonly 
present in response to oxidative stress. 
Observing what activates p38, and the biological result of the pathway shows how 
involved p38 is with cellular death in various mechanisms and due to a range of causes. This 
could arguably be p38’s main function, given that it is activated by many stress stimuli, and how 
important apoptosis is in the stress response. Cellular death is necessary for the health of the 
organism. Only so many cells can exist in one region at any given point, so if there is cellular 
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growth and division, there needs to be cell death as well. Cell death is programmed as a response 
to stress stimuli and subsequent cell damage, but it also occurs in older cells that are no longer 
necessary.  
Cell death that occurs in response to injury, but is not regulated can damage neighboring 
cells via spillage of their damaged contents into the extracellular fluid, thus damaging 
surrounding cells. Apoptosis is specifically programmed cell death, and is controlled in a manner 
that only affects cells that are already damaged, thereby preserving the tissue at large. This is 
managed because the cytoskeleton falls apart and then the membrane surrounding the nucleus 
follows suit, and then DNA is fragmented. Next, the cell surface displays new properties thanks 
to its altered shape that allow for rapid phagocytosis, where the cell is essentially eaten by 
another molecule called a macrophage. This process allows for the cell to be eliminated before it 
can spill any of the toxins to its neighbors, and is critical for overall health. 
Procaspases are activated by adaptor proteins that make a complex out of several of the 
enzymes. This complex’s components then cleave each other, thus activating them in tandem, 
and starting the cascade. Cytochrome c from the mitochondria can also start the apoptotic 
cascade. Caspases are the enzyme behind the cell suicide mechanism, and typically the cleavage 
of one caspase activates the next. This action allows for amplification of the message, as each 
half of the cleaved molecule can activate the next caspase in the cascade (Alberts et al., 2002). 
Bcl-2, which is phosphorylated and inactivated by p38 MAPK, helps to regulate the procaspases 
by blocking the release of cytochrome c from the mitochondria (Hui et al., 2014). This process of 
cellular death happens ubiquitously, and it occurs in the brain as well, as evidenced by a study 
that used p38 inhibition in brain tissue (Evans et al., 2015).  
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P38’s functions vary widely, and most activity preceding this kinase in its pathway is 
involved with cellular stress, revealing that this kinase is most commonly activated by cellular 
stress as a category. It is fairly well understood within the context of cancer pathology, as its 
response to cellular stresses and function in cell death are apparent and in general, these two 
occurrences are main components of cancer. Through the different types of upstream activators 
of p38, and the varying ways in which p38 then functions, it seems as though it could have a role 
in any disease where some part of the cell cycle is disrupted, or where cell death implicated. 
 
Downstream of p38 
 P38 cannot directly influence every protein to carry out the functional roles it plays, so 
there are many things downstream of p38 which then in turn carry out some of these functions, 
such as cellular death or cell division. MAPKKs are what activate p38, and then from there p38 
can activate many things, such MNK1 and 2, which controls translation, and MSK1 and 2, which 
are known to regulate transcription factors. All of these targets are directly downstream of p38, 
lead to a variety of functions necessary for life, and are important components in the stress 
pathway (Nadal, Ammerer & Posas, 2011). Inhibition of p38 reveals suppression of many genes, 
such as Bmp2, PGES, Tlr2, IGF binding proteins and more (Zer, Sachs & Shin, 2010). This 
shows how widespread this family of MAPKs effects are, as these affected genes have roles 
ranging from bone development to pain mediation (Zaid, Chantiri & Bassit, 2016 and Park et al., 
2016). It would make sense that when p38 is activated by stress functions like bone development 
are subsequently regulated, as the bones would not want to grow while the body is under stress. 
The cell’s energy needs to be conserved and allocated appropriately to accommodate this stress, 
and cells that would grow and divide may be damaged due to this stress. When under cellular 
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stress, an individual may not always feel pain, such as while the sunburn from UV irradiation is 
actually happening. This role p38 has in pain mediation is likely a huge component during the 
stress response, so that the individual can continue about their activity and doesn’t have to be in 
pain for the duration that their cells are stressed. 
MAPK-activated protein kinase (MAPKAPK)-2 is another one of p38’s downstream 
targets, and this is activated by stress and growth factors. In experiments with MAPKAPK2 
deficient mice, it has been observed that this kinase contributes to post-transcriptional regulation 
and modulates mRNA stability (Kotlyarov et al., 1999).  This kinase is considered a part of a cell 
cycle checkpoint, and is specifically functional at the G2/M transition as well as the synthesis 
phase. This means that p38 participates in the many checks a cell must pass before replicating, 
and when this kinase is dysfunctional in can lead to malignant proliferation. Other research on 
this MAPKAPK2 has shown that when absent, cells are over-sensitive to apoptosis (Manke et 
al., 2005).  
P38 has downstream targets involved with interference of binding sites seen in cancer 
pathology, and shows a function of p38 in DNA repair (Lee et al., 2014). Dephosphorylation of 
p38 needs to occur for repair to proceed, and it acts to block repair at stages in the cell cycle 
where it is not yet necessary. While this is specifically seen in cancer cells outside of the brain, it 
does provide a role p38 may have in response to neuronal DNA damage as well. Tau protein 
functions to stabilize parts of the cell, and is mostly found in nerve cells, though is seen in 
support cells, such as oligodendrocytes and astrocytes. Certain types of cellular stress, such as 
glucose deprivation, have been seen to cause p38 to phosphorylate tau (Katome et al., 2013). 
This structural change on tau via phosphorylation likely results in the destabilization of cellular 
components, leading to facilitation of apoptosis. One could even reasonably suggest that the 
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DNA damage caused by the destabilization of microtubules is potentially going to cause more 
activation of p38, leading to further apoptosis. 
 
P38 down-regulation 
 P38 activity is modulated by various phosphatases, which, in general, remove a 
phosphate group from a protein. In a sense, they can be thought of as the biochemical opposite of 
a kinase, and phosphatases and kinases have to be in balance for cellular regulation to work. 
There are several protein phosphatases, which are considered to be the generic phosphatases, 
including PP2A and PP2C. These can dephosphorylate both serine and threonine residues. Wild-
type p53-induced phosphatase 1 (Wip1) is a member of the PP2C phosphatases that can 
dephosphorylate various targets, such as p38 and tumor suppressors. Wip1 is observed to be 
necessary for germ cell development, and is therefore important in the Wnt pathway, which 
regulates functions such as cell migration and organogenesis (Cho et al., 2017). The DNA 
damage response is attenuated by Wip1 via dephosphorylation of proteins such as p38 with 
assistance of a tumor suppressor called LZAP (An et al., 2011). This activity of p38 with Wip1 
provides further support of the kinase’s role in response to DNA damage, which has yet to be 
well studied within the brain.  
 Striatal enriched protein tyrosine phosphatases (STEPs) are another protein that can 
dephosphorylate p38 at the tyrosine site. NMDA receptors promote the breakup of STEP61, so 
they initiate the p38 signaling that STEP would otherwise block or downregulate (Xu et al., 
2009). This particular phosphatase helps to regulate synaptic plasticity and is highly expressed in 
spinal cord dorsal horn neurons, which is the location of the first order neuron in the nociceptive, 
or pain, pathway. Research has shown that STEP61 inhibits long-term potentiation in the dorsal 
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horns, and suggests that the loss of this function may lead to neuropathic pain (Suo et al., 2017). 
The inhibition of the long-term potentiation is likely the cause of its regulation of synaptic 
plasticity, as this process is considered to be cellular learning. The fact that it is located in a part 
of the pain pathway would suggest that this particular cellular learning may play a role in pain 
sensitivity.   
 
Environmental factors preceding activation of p38 
As aforementioned, p38 responds to cellular stress and while stress can be internal, some 
external factor usually precedes to cause the cellular stress, such as UV irradiation. UV light 
creates single-stranded DNA that is coated with a replication protein (RPA) that activates the 
ATR-Chk1 checkpoint pathway. This DNA damage accumulates, but in insufficient amounts to 
cause cell cycle arrest in that point in the cycle. P38 is phosphorylated in phase G2 of the cycle, 
in response to UV light. This activation, in tandem with the low expression of the ATR pathway 
leads to arrest of cellular progression, thus preventing replication of the damaged cells. This was 
determined by use of p38 inhibitors compared to ATR inhibitors, both of which lead to 
inefficient arrest, but the p38 inhibitor moreso. When these inhibitors were combined, there was 
near-total loss of cell cycle arrest, and Chk1 and p38 dual inhibition lead to even more cells 
passing through the checkpoint, and interestingly p38 together with caffeine lead to a loss of 
arrest comparable to the p38+ATR inhibition combination (Warmerdam et al., 2013).  
Response to heat shock involves cellular protection and re-establishment of homeostasis 
so that enzymatic degradation does not result. Heat shock, which is a result of cellular exposure 
to high temperatures, leads to activation of p38. Heat shock factor (HSF) 1 increases cell survival 
under various stress conditions, and is observed to be activated by p38 phosphorylation at a 
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serine site (S326) on the factor, with p38 delta performing phosphorylation at a higher rate than 
the other isoforms (Naidu et al., 2016). Various heat-shock proteins (Hsps) can induce p38 
activation, which has been seen in microglial cells, thereby permitting their activity in the 
neuroprotection after cellular stress, the process of which is implicated in the brain’s defense to 
neurodegenerative diseases (Richter-Landsberg, Wyttenback & Arrigo, 2009). 
Oxidative stress is caused when the body is ill-equipped to balance out free radicals, 
which are highly reactive atoms or molecules due to their unpaired electrons and when 
unchecked lead to harmful effects. This is what eating antioxidants can help prevent, as free 
radicals are commonly reactive oxidant species (ROS), which are necessary second messengers, 
but in high levels lead to cell death and damage. The amount of free radicals can be increased by 
pollutants and other toxins, such as tobacco smoke. ROS can activate p38 MAPKs, which can 
then lead to eventually lead to apoptosis, but in a safer manner for surrounding cells and overall 
health. It has also been observed that p38 mediates antioxidant enzyme expression, thus 
regulating ROS without need to resort to apoptosis (Gutierrez-Uzquiza et al., 2012). Oxidative 
stress is commonly seen in aging brains, indicating that this p38 function is likely in the brain as 
well. 
These various methods of p38 activation from external factors, and the unique 
mechanisms each have further solidifies evidence that p38 is heavily involved in most cellular 
stress responses. The stimuli vary greatly, but p38’s different roles serve similar functions of 
cellular protection, which can take many forms, but primarily is done through cellular death. 
Being stress stimuli, a lot of these p38 activators would lead to cellular death on their own, so 
p38 is primarily there to be able to control the mechanism of apoptosis to ensure healthy cells are 
preserved. This kinase can almost be thought of as a machine in the human body, which serves to 
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enact precise and accurate processes and eliminate error, just as a machine exists to facilitate 
various functions, but does so with precision that human error does not allow. 
 
P38 and the stress response 
There is a plethora of evidence showing p38’s role in the stress response to cellular 
stressors. As research on mental illness grows, there is growing evidence to suggest 
psychological stress’ role in mental health. There is also data indicating either a role of apoptosis 
in mental illness pathology, or a role of mental illness leading to apoptosis. While the link is not 
yet clear, this line of evidence could demonstrate a role of p38 in response to psychological 
stressors, and thus a role in mental illness. P38’s activity with Bcl-2 is to help regulate its anti-
apoptotic function by inactiving it and in postmortem studies of bipolar patients, when compared 
to healthy controls, there is reduced expression of Bcl-2 in the frontal cortex. There was also 
evidence of increased expression of pro-apoptotic factors, such as Bax, which p38 is known to 
phosphorylate preceding cellular death (Kim et al., 2010). This suggests that apoptosis was 
increased in those with bipolar disorder, and provides support for this underlying the pathology, 
though this does not specifically show p38’s role in these brains. It is possible that when p38 was 
causing the downregulation of Bcl-2, and the upregulation of Bax, but studies showing this 
specifically would need to be carried out for this link to be supported. 
Studies using variate stressors, which are used in animal studies to create psychological 
stress conditions and to make animal models of mental illness show that stress has an effect on 
p38 expression. Observing regions that were known to be stress sensitive, such as the amygdala, 
bed nucleus of the stria terminalis, and the hippocampus revealed that phosphorylated p38 was 
expressed more in mice who underwent the stress paradigm compared to those who did not. This 
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same study showed a behavioral effect of stress, which is interpreted to be increased fear and 
anxiety (Hare, 2015). This observation of a change in behavior, as well as a change in p38 
expression indicates that psychological stress has effects both in the brain and on an observable 
level. Mental illness is noticed and then diagnosed based largely on behavioral changes, and the 
effects stress is seen to have on behavior could suggest that, at least in part, stress can precede 
mental disorders. The finding that p38 is also affected by psychological stress could indicate that 
p38’s activity could be the underlying mechanism in the pathology of mental illness, or at least 
those that can be linked to psychological stress. With the understanding of p38’s response to 
psychological stress, and its role in apoptosis in tandem with reports of downstream target’s 
expression, it would be fitting that p38’s expression underlies pathology of mental illness caused 
by apoptosis, though more studies to support this specific role need to be performed. 
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Chapter 2.  
GSK3𝛽 Introduction and Molecules in its Pathway 
 
Newly found site for p38 to phosphorylate 
P38 MAPK is abundant in the brain, though the literature on p38 and brain activity or 
behavior is much more limited, as much existing research is in the oncology field. Each of p38’s 
isoforms are found throughout the cortex, the cerebellum, and the hippocampus.  P38 alpha is the 
most abundant form within the brain and is primarily expressed in neuronal cells. Beta is highly 
expressed in both neuronal and glial cells, and is found mainly in the nuclei of neuron cells (Lee 
et al., 2005). This kinase also works at the synapses of neurons, where it is required for the 
induction of long-term depression, which is an important process for learning (Collingridge et 
al., 2010). It is clear that p38’s role in the brain could be as widespread and as necessary as it is 
throughout the body. 
P38’s role in the stress response has been established by many studies, but the specifics 
have remained unclear. It has been hard to differentiate between different kinases considering 
several of them are activated by similar, or even the same, stimuli. Over time more has been 
learned about what specifically precedes p38 activation, and then what exactly activates p38, but 
given the expansive functioning of p38 in various parts of the body, it is clear that there are many 
uncovered mechanisms and substrates, many of which could even prove to be novel drug targets 
in treatment of various diseases. In the last ten years, a novel serine site on glycogen synthase 
kinase (GSK) 3β has been observed, and in response to DNA double strand breaks, it has been 
seen that p38 is what phosphorylates this site. The response when this site is activated by p38 
compared to previously discovered sites are activated by other proteins is different, providing 
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further evidence of p38 being distinct from other kinases, and suggesting that the relationship 
between p38 and GSK3 could have a key and distinct part in certain brain functions. 
 
Figure 1. (Thornton et al., 2008) 
This figure shows the distribution of the serine sites in the 
thymus, spleen, kidney and brain. The Serine 389 site is 
mainly found in the brain, with little expression in the thymus, 
less in the spleen and none in the kidney. GSK3𝛽is found in 
all of these tissues, but the serine sites are differentially 
distributed (Thornton et al., 2008). 
 
In mice that had an alanine substitution at the serine 389 site, there was reduced 
neurogenesis secondary to an inability of the protein’s N-terminus domain to carry out inhibition. 
This study also showed that GSK3 needs to be controlled in order to allow for normal dentate 
gyrus volume and hippocampal function. The dentate gyrus is a part of the hippocampus devoted 
in part to new episodic memories (Kondratuik et al, 2013). This suggests that without the novel 
serine 389 site, all inhibition is blocked, leading to an overactive GSK3 which causes decreased 
cell growth and development. 
Compared to other isoforms of GSK, 3 beta is more specific to the brain. This kinase is 
regulated by inhibition, meaning that it is constitutively active. Research has shown that this 
inhibition can be achieved via phosphorylation at the C-terminus, which is carried out by p38 
MAPK. This specifically occurs at the serine 389 (S389) site, which is increased in the brain 
compared to other areas of the body, and also has distinct pattern differences in the nucleus 
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compared to serine 9. The S389 site was not seen to be present at all in the kidneys, liver or 
heart, though the serine 9 site was present ubiquitously in all tissues tested. This regulates GSK3 
activity in nucleus and promotes cell survival. The serine site 9 is typically phosphorylated by 
the Akt pathway at the N terminus, so p38’s activity is more specific with relation to GSK3. 
Given the distribution, it is more specific to brain function, and inhibiting p38 does not seem to 
affect serine 9. With use of a p38 inhibitor, they were also able to determine that p38 specifically 
is what phosphorylates the S389 site, in that no other kinases took over p38’s role when inhibited 
(Thornton et al., 2008).   
It is currently still thought that the S9 site is the primary mechanism for GSK3beta 
inhibition, but when this site was replaced by alanine, only small differences were seen with 
respect to certain functions. It has been proposed that the p38 phosphorylation of serine 389 is 
one of the mechanisms by which GSK3 can still be regulated when the primary site is unable to. 
One of the functions may be cell survival, as p38 expression promotes the activity of beta-
catenin, which is known to function in neurogenesis, and is responsive to serine 9 
phosphorylation of GSK3 (Thornton et al., 2008). Although it may be true that serine 389 
phosphorylation serves to replace the functioning of serine 9 phosphorylation, this does not mean 
that S389 does not serve purpose on its own. When serine 389 was replaced with alanine, there 
was significantly higher levels of GSK3 activity, indicating that at baseline phosphorylation of 
this novel serine site is occurring (Thornton et al., 2015). There is also evidence supporting the 
role of this serine site in neurodegeneration, as when phosphorylation of this site is blocked, 
histology reveals there is an abundance of  dark neurons compared to wild type mice (Hare, 
2015). 
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Figure 2. (Hare, 2015) 
The lower row in this figure shows cells 
from the cortex and regions of the 
hippocampus (CA1 and CA3) of the mice 
with overactivity of GSK3, and the top 
row is in wild type mice. The darker cells 
noted in the lower row are representative of neurodegeneration (Hare, 2015). 
 
While inhibition via phosphorylation at both serine sites is likely, it is possible that the 
novel site would increase GSK3 activity in contrast to the serine 9 site, known to decrease it. 
This would allow both p38’s and GSK3’s apoptotic function to remain consistent in that when 
p38 phosphorylates a downstream target it leads to apoptosis and GSK3 activity is parallel with 
the same. It could also be plausible, that p38’s phosphorylation would inactivate GSK3, but 
when this is happening consistently, other factors then try to correct this and either activate 
GSK3 in an alternative fashion, or carry out apoptosis on their own. This would allow for an 
explanation of how GSK3 activity is associated with neurodegeneration, despite p38’s 
phosphorylation of it and known response to factors that precede the same neurodegeneration. 
 
Glycogen synthase kinase (GSK) 3𝛽 
GSK3𝛽 is another serine/threonine protein kinase and it responds to stimuli that are 
similar to MAPK such as inflammatory cytokines and growth factors. It also responds to 
neurotransmitters, providing this kinase with functions including cellular metabolism, synaptic 
plasticity, as well as neurodegeneration and others. It has been implicated in the pathology of 
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Alzheimer’s disease, with noted increased levels of neurofibrillary tangles in response to GSK3 
overexpression. These tangles together with the more widely known beta-amyloid protein 
buildup are thought to be the biological mechanisms of the cognitive symptoms (Farr et al., 
2014).  
This kinase is present throughout tissue, but is abundant in the brain (Woodgett, 1990). 
GSK3 is active at baseline, and needs to be phosphorylated to be inactivated, which is irregular 
for kinases (Lochhead et al., 2006). GSK3 is seen in protein migration, and is needed for 
phosphorylation of postsynaptic density protein 95, important for synaptic strength, to migrate 
and affect long-term depression working with NMDA and AMPA receptors. Long-term 
depression is the opposing function to long-term potentiation, and occurs when the cell firing 
lasts long enough to cause desensitization in the neuron to the stimuli. This activity is both how 
the protein 95 becomes interspersed within the hippocampal neurons, and it destabilizes the 
spines, allowing AMPA to interact easier and cause long-term depression (Nelson et al, 2013). 
GSK3 plays a role in long-term potentiation and long-term depression, which is neuronal 
learning and necessary for plasticity (Peineau et al., 2007).   
Lithium, a known and effective treatment for bipolar disorder, inhibits activity of GSK3, 
which is currently thought to be the drug’s mechanism of action (Stambolic & Woodgett, 1996). 
Lithium chloride is also well-known inhibitor of GSK3, and was used in an experiment that 
found GSK3 to have a mediating role in the oxidative stress resistance, providing more evidence 
for GSK3’s ability to promote cell survival. In this study, it was found that in cells that GSK3 
was inhibited via phosphorylation, there was a higher resistance to oxidative stress (Schafer et 
al., 2004). In spinal cord injury and various diseases, there is underlying stress-induced 
apoptosis, and nerve growth factor is seen to have a neuroprotective effect. In rats with induced 
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spinal cord injury, nerve growth factor was given, and GSK3 was observed to be activated 
downstream. This suggests the mechanism of nerve growth factor’s protection is regulated by 
activity of GSK3, thereby showing a neuroprotective effect of the kinase (Zhang et al., 2014). 
This is fitting given its role in plasticity and apoptosis possibly through its inhibition of GSK3, 
which consequently inhibits apoptosis. 
 
Upstream Activators of GSK3𝛽 
While not a lot of upstream activators of GSK3 are known, it is predicted that there are 
many. The Akt pathway is one of the known GSK3 upstream activators, and these pathways 
modulate glycogen synthesis, cell growth and survival. GSK3 activity is blocked by several 
kinases, but most frequently this has been seen to occur through the Akt pathway. Akt is also 
known as protein kinase B, and is a serine/threonine kinase, just as p38 is. This pathway inhibits 
GSK3 by phosphorylation at the serine 9 site, which is considered to be its inhibitory site 
(Frame, Cohen & Biondi, 2001). It is implicated in the pathology of Huntington’s disease, and is 
activated by DNA damage via AMT/ATR kinases. Akt has a role in resistance to these stressors, 
and is indicated in cell survival (Song, Ouyang & Bao, 2005). 
Brain-derived neurotrophic factor has been shown to regulate GSK3 activity, as seen 
when BDNF was inhibited and resulted in GSK3 phosphorylation was reduced, thus promoting 
its activity (Gupta, et al., 2014).  Curcumin is a plant derived molecule that can mitigate 
cognitive impairment in animal models of Alzheimer’s by protecting against the effects of 
plaque buildup. It has been seen to increase BDNF expression, and inhibited effects of GSK3 
dependent phosphorylation on the tau protein, which is implicated as amyloid is in Alzheimer’s 
disease (Hoppe et al, 2013). Given the role of GSK3 and cell proliferation, and the functions of 
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BDNF, it would make sense if GSK3 activity regulated BDNF, so the interaction of BDNF and 
GSK3 can seem a little unclear. Studies have shown that GSK3 acts to regulate the signal 
transduction of BDNF more than the actual molecule. GSK3 can regulate the phosphorylative 
activity of BDNF, thus controlling how it communicates (Mai, Jope & Li, 2002). This role that 
GSK3 and BDNF have together provides support for the importance of GSK in cell signaling as 
a whole. Considering the number of things it has been seen to act upon, and how many more it is 
predicted to have activity for, this role in communication could underlie many symptoms both 
internally and behaviors externally. 
 
Downstream Targets of GSK3 
Similar to the upstream activators, a lot of downstream targets of GSK3 are not yet 
known, but it has been estimated that there are a few hundred substrates phosphorylated by 
GSK3, and it is currently the kinase with the highest number of substrates known (Linding et al., 
2007). Cyclin D-dependent kinases (CDKs) are phosphorylated by GSK3 on its threonine-286 
site. The cyclin kinase acts in G1 phase to regulate both DNA replication and synthesis. CDKs 
form in response to growth factors to form active enzymes that suppress growth-suppressive 
function, thus allowing growth. When overexpressed, GSK3 can cause a redistribution of CDK 
from nucleus to cytoplasm (Diehl et al., 1998). This suggests that not only does phosphorylation 
of GSK3 relay messages to regulate growth in the cell cycle, but that it has roles in where other 
proteins are found.  
 The Wnt/beta-catenin pathway is a regulator for growth, differentiation, and survival of 
neurons. Wnt knockout mice show midbrain neuronal loss, and dysregulation of hippocampal 
neurogenesis (Lange et al., 2006). Activation of this pathway can be achieved with GSK3, and 
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this promotes neurorestoration and an improvement in motor deficits, suggesting GSK3 can be a 
target for treatment of diseases with motor deficits, such as Parkinson’s (L’Episcopo et al., 
2014). Brain derived neurotrophic factor promotes embryonic spinal cord neuron growth, and 
has been implicated in the functional recovery process following spinal cord injury. Upregulation 
of BDNF leads to upregulation of beta-catenin and down-regulation of GSK3, resulting in the 
promotion of neuronal growth (Yang et al., 2015). Beta-catenin is a protein that is linked to 
GSK3 pathways, and it increases neurogenesis and proliferation in the brain. GSK3 
phosphorylation at the novel serine 389 site was shown to stabilize this protein, and increase 
proliferation in the hippocampus (Zhang et al., 2011). The activation of the Wnt/beta-catenin 
pathway by GSK3, and the fact that an increase in BDNF results in upregulation of beta-catenin 
and downregulation of GSK3, may suggest a negative feedback mechanism of beta-catenin. 
CRMP-2 is only expressed in the brain, and is regulated by GSK3 phosphorylation 
inhibition. CRMP-2 is present to a great extent specifically in axons of growing hippocampal 
neurons, and is observed to be critical for axonal growth (Inagaki et al, 2001). This mechanism 
of GSK3 on CRMP-2 is part of how it regulates neurogenesis, showing that it regulates 
individual components in neurons. GSK3, like p38, has a role in a variety of processes that are 
critical to organism survival. While not a lot is currently known about the pathways, it is clear 
that GSK3 has a large role in apoptotic functioning in response to cellular stress. 
 
DNA damage 
 As previously mentioned, DNA damage, and specifically DNA double strand breaks 
(DSBs), is an activator of p38 and it is also an activator of GSK3. Various stress stimuli create 
DNA damage, and p38 MAPK is activated so that it can function to carry out apoptosis and 
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ensure tissue is saved. DSBs are extremely damaging lesions, and are mainly created by radiation 
and chemicals, though can occur due to problems during DNA replication. They can lead to 
permanent cell cycle arrest and mitotic cell death caused by loss of chromosomes. When 
incorrectly repaired, they can lead to malignancies (Olive, 1998).  
 The mechanisms of repairing this damage involve two primary pathways, the 
homologous recombination (HR), and the non-homologous end-joining pathways (NHEJ). The 
former is the preferred pathway, and it provides a highly accurate and template-dependent repair 
mechanism and also duplicates the genome by supporting DNA replication and telomere 
maintenance. This allows for the exchange of genetic material between the homologues, thus 
ridding the cell of the damaged segment (Li & Heyer, 2011). The NHEJ pathway is not limited 
to certain phases like HR is because it does not require the homologous pair that is only active in 
synthesis and G2 phase. This pathway acts by recognizing the DNA end, and assembly of the 
complex here, followed by bridging the DNA ends and promotion of stability. (Davis & Chen, 
2013). 
 Serine 389 knockout mice were observed to have decreased levels of cell fitness in cells 
undergoing repair from DSBs. Previously, phosphorylation of GSK3 was seen to restrict GSK3, 
so this novel site provides a new function of GSK 3 phosphorylation, and also appears to be 
specific to responding to DBSs (Thornton et al., 2015).  Both GSK3 and p38 are observed to be 
elevated in response to DNA damage (Bijor & Jope, 2003 and Wood et al., 2009). P38 is seen to 
accumulate specifically in the nucleus after DNA damage, where GSK3beta is found in 
abundance (Thornton et al., 2015). These findings, taken together, may suggest that the serine 
389 site is the location of the response to DNA damage. 
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In the early stages of T cell development, V(D)J recombination occurs to help create the 
diversity in antibodies the body has. In V(D)J recombination, there are double strand breaks that 
are intentional, though still activate p38 in one of the stages of development. Dysregulation here 
interferes with the differentiation of the cells (Thornton et al., 2008). The specific involvement of 
p38 in this response needs to be evaluated more specifically in the brain, though, as it could be 
different than has been observed in T cells. Variate stress was seen to increase p38 expression in 
the BNST, amygdala, frontal cortex and hippocampus. GSK3 activity mirrored these responses, 
and this same study found an increase in a histone’s expression, indicative of DNA damage 
(Hare, 2015). These findings show that in the brain, GSK3 and p38 are closely linked and that 
DNA damage is the likely activator of p38, which will then phosphorylate GSK3 at serine 389. 
 
Figure 3. (Hare, 2015) 
This figure shows the expression of p38 
MAPK in response to exercise and variate 
stress in the amygdala, bed nucleus of the 
stria terminalis, hippocampus and the cortex. 
In the control group, p38 expression is relatively consistent, and in response to stress, p38 is 
consistently more expressed than it is at baseline. Exercise increases p38 expression as well, but 
only significantly in the amygdala, where it caused an increase even more than stress did (Hare, 
2015). This supports the concept that p38 responds to psychological stressors, and considering 
under what circumstances p38 phosphorylates GSK3, would suggest that these types of stress 
can cause DNA damage, and can activate the p38 pathway that leads to apoptosis via GSK3. 
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GSK3 and Apoptosis 
Similarly to p38, there are various apoptotic pathways where GSK3 is implicated, and the 
exact action of the kinase in apoptosis varies according to these pathways. For example, one 
pathway releases cytochrome c and involves the disintegration of mitochondria, whereas another 
pathway requires activation of death receptors, such as Fas. The former pathway, called the 
intrinsic pathway, can be activated by stress stimuli, such as DNA damage. This pathway targets 
Bcl-2 proteins to carry the messages to the mitochondria for disintegration (Akhtar et al., 2004). 
The other, or extrinsic pathway, involves death domain-containing receptors, homotrimerization 
and then binding to proteins including a caspase to create a complex known as a death-inducing 
signaling complex (Papoff et al., 1999).  
Nuclear factor kB is an anti-apoptotic factor via that also functions in the control of DNA 
transcription and cytokine creation. Pathways inducing this factor, inhibit GSK3, suggesting a 
balance of these two in the regulation of apoptosis. Within the central nervous system, GSK3 is 
indicated as a major contributor of apoptosis, and overexpression is linked to the disruption of 
nuclear factor kB, which then leads to apoptosis. GSK3 blocks transcription that is dependent on 
nuclear factor kB, as well as its binding ability to DNA. This activity prevents the normal 
response to tumor necrosis factor-alpha, which would typically induce the phosphorylation of an 
inhibitory protein bound to nuclear factor, normally releasing the protein. This has been observed 
throughout the brain in cortical astrocytes, which are support cells in the brain (Sanchez et al., 
2003). 
In mice with constitutively active GSK3, there was resulted hippocampal cell death 
indicating apoptosis (Fuster-Matanzo et al., 2011). On a behavioral level, this genotype in mice 
resulted in increased startle amplitude as well as reduced swim mobility (Prickaerts et al., 2006). 
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These are characteristics of anxiety and depression, respectively, and may suggest the role of cell 
death in these behaviors, and thus the role in GSK3 phosphorylation in these phenotypes. 
 
Figure 4. (Fuster-Matanzo 
et al., 2011) 
This figure shows the 
number of dead cells, 
indicated by whether they 
are fractin positive, in the dorsal and ventral dentate gyrus (DG), which is an area in the 
hippocampus that has a role in new episodic memories. In those with GSK3 overexpression, 
there was more cell death in the dorsal dentate gyrus (Fuster-Matanzo et al., 2011). 
 
GSK3 and serine 389 
The novel serine site found was only in the brain, indicating that it functions solely in the 
brain. This evidence suggests a distinct role of p38 and GSK3 in the brain, and considering the 
role of these kinases with respect to the stress response, and where psychological stress has 
known effects, this p38 phosphorylation of GSK3 could underlie pathology of mental stress and 
mental illness. In mice with GSK3 that cannot be phosphorylated and is therefore constitutively 
active (KI mice), there were phenotypic differences indicative of exaggerated and 
overgeneralized fear, which are considered anxiety-type behaviors (Hare, 2015). 
These mice had an alanine substitution at serine 389, thus only blocking phosphorylation 
specifically at this site. Compared to wild type mice, they showed increased freezing both to a 
novel context and to the conditioning context where they previously were exposed to tone-shock 
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pairings. They also showed more freezing in the final minute of a tone, suggesting prolonged 
fear (Hare, 2015). This shows a specific behavioral function of the serine 389 site, as well as an 
indication that it functions in anxious type behaviors, and could play a role in anxiety pathology 
in addition to that of other mental illness. This same study showed that there was 
neurodegeneration in hippocampus cell samples they stained, but that there was no difference 
between KI and wild type mice in hippocampal-dependent activities, such as spatial tasks (Hare, 
2015). This difference in the tissue but not in the behavior would suggest some role of resistance 
or plasticity, and could theoretically be how people with depression, or other mental illnesses, 
function relatively at the same level as healthy counterparts despite having brain changes 
reminiscent of neurodegenerative diseases, at least for the earlier part of the course in their 
illness. 
GSK3, like p38, serves many functions throughout the body, and is a vital part of many 
necessary processes. P38 and GSK3’s relationship, however, seems to be more specific to the 
brain, and to cell death in neurons. This relationship needs to be further explored so that 
subsequent occurrences and behavioral consequences can be understood. Understanding this 
relationship better could lead to improved understanding, and then treatment, of stress-related 
disorders. While it may seem that phosphorylation of the S389 site would block the degeneration 
and consequent behaviors seen as a result of overactive GSK3, it could be that both over and 
under activity at this site lead to similar morphologies and subsequent behaviors. The balance of 
p38’s phosphorylation of GSK3 may need to be tightly regulated and either direction of 
expression could lead to the same end result, whether that be the result of overcorrection or 
simply both ends of the spectrum leading to the same imbalance preceding the apoptotic 
changes.  
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Chapter 3. 
 P38, GSK and DNA damage 
 
GSK3, apoptosis, and stress 
GSK3 activity is closely linked to that of apoptosis and of psychological stress. In 
chronic stress paradigms, there is often a measure of glucocorticoids, which modulate the stress 
response and are increased both in stressed animal models and in those with depression. DEX is 
a glucocorticoid agonist, and is observed to both inhibit cellular proliferation and change the 
phosphorylation capability, thus the activity, of GSK3. It decreases phosphorylation at serine 9, 
which is the inhibitor site of GSK3, and increases it at tyrosine 216, therefore increasing GSK3 
action. Leptin, on the other hand, increases beta-catenin and reverses the effects of DEX (Garza 
et al., 2012). Beta-catenin increases neurogenesis, so increasing GSK3 activity, which 
destabilizes the beta protein, effectively inhibits this function, which DEX seems to do. Due to 
this activity, DEX is a commonly used anti-inflammatory, as it helps to induce apoptosis in a 
controlled manner, and has the ability to induce apoptosis in pancreatic cells with increased 
activation of GSK3 (Guo et al., 2016). These findings suggest that GSK3 may have a role in 
behavioral stress, as a known stress hormone, glucocorticoid, increases GSK3 activity, and 
glucocorticoids are elevated in response to stress and in mental illnesses. 
Fear is a common stressor for animal models, and research has shown that fear learning 
can be attenuated by altering expression of GSK3. This was found with use of sevoflurane, 
which impairs learning, and LiCl, a GSK3 inhibitor, like lithium alone. Sevoflurane alone 
decreased stress-induced fear learning, but when given in tandem with LiCl, this effect was not 
observed (Chen et al., 2015). This finding suggests that GSK3’s role in plasticity is extended to 
the response to stress, and indicates GSK3 is a part of the mechanism in fear learning. It would 
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be interesting to see the results of this study using only LiCl, and using the results from Chen et 
al’s research, one could predict that inhibiting GSK3 would cause an increased behavioral 
response to fear. A more detailed mechanism of GSK3 in behavioral stress is not yet known, but 
given the above results and what is known about GSK3 functioning in response to various 
stressors could provide some support for the argument that mental stress causes similar effects as 
cellular stressors, at least within the brain. 
 
P38 and disease with cognitive or neuroanatomical consequences 
When people think of diabetes, not many people think of the effects it has on the brain. 
The brain uses up 90% of the body’s glucose, so it makes sense that the brain is affected by a 
disease with defects in a hormone that allows use of glucose. This is clear in instances of low 
blood sugar, which can be a severe and fatal consequence of diabetes, and can lead to cognitive 
deficiencies followed by coma. Psychomotor deficiencies and reduction in gray matter in select 
regions have been observed in some patients with type I diabetes (Musen et al., 2006). Those that 
have particular difficulties in managing their sugar levels, in that it is chronically too high or too 
low, can have gross brain structure changes over time, affecting their functioning (Brands, et al., 
2006).  Hyperglycemia can also be seen to have cognitive impairments, and high levels of 
glucose are known to activate p38. This increase is seen in areas throughout the brain, such as 
the hippocampus (Ramakrishnan et al., 2005). Diabetes is considered to be a risk factor for 
Alzheimer’s disease, and given information about how the brain may change with diabetes, such 
as atrophy, this is a fitting effect of the long-term disease.  
Hypertension (HTN), or high blood pressure, is a risk factor for strokes, can break down 
the blood-brain barrier, and is commonly thought of as a result of too much stress. People with 
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various heart conditions, such as heart attack, where HTN is a risk factor, are often told to try 
and relax more to reduce stress. P38 plays a role in hypertension development, seen in mouse 
models, and suppression of this kinase is seen to improve their survival (Ju et al., 2003). HTN is 
a vascular disease, and because of this, it can disrupt the structure of blood vessels, and can lead 
to a decline in brain functions, as the brain tissue is no different than other areas in the body, in 
that it requires oxygen from the blood supply, and the brain cortex is highly vascularized for this 
function. This cognitive functioning, as well as plasticity, is seen to be improved via inhibition of 
p38 in hypertensive mice (Dai et al., 2016).  This means that blocking p38’s downstream 
function is what blocks the cognitive impairments observed in HTN. 
 
Figure 5. (Dai et al., 2016) 
This figure shows that hypertension reduces 
cognitive ability to some capacity with use of a 
water maze task. P38 KI mice, who had 
mutations at threonine sites, blocking activation 
of p38, were able to perform at the cognitive 
level of the control groups even when they had 
hypertension, indicating a role of p38 in specifically the cognitive effects of hypertension (Dai et 
al., 2016). The role of p38 in cognitive deficits in hypertension could be due to the fact that p38 
can lead to expression of apoptotic factors. The death of cells in the brain would mimic 
neurodegeneration, thus leading to complications, such as cognitive deficits, that mimic 
neurodegenerative diseases. 
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P38 and neurodegenerative disease 
 Neurodegenerative diseases are characterized by a progressive loss of neurons. They are 
a significant problem, and while a lot of research is done on these illnesses, not a lot of effective 
treatments and solutions exist.  As outlined above, p38 and GSK3 both function in apoptosis, so 
it fits that these kinases would underlie diseases characterized by atrophy. Alzheimer’s disease is 
arguably one of the most studied diseases currently, as our older adult population is so large and 
elder home care poses such a challenge to families and individuals. In models of Alzheimer’s 
disease, it has been observed that there is increased activity of p38, and this is related in a 
progressive manner, seen to increase with duration of exposure to the antibody that makes the 
Alzheimer’s phenotype. Oxidative stress, a known activator of p38, is considered one of the 
earliest pathological changes in Alzheimer’s. Evidence has shown that synaptic loss is correlated 
with the activity of p38, in that increased activity leads to more synaptic loss (Savage et al., 
2002).  
Tau, previously mentioned in the section regarding downstream targets of p38, is a 
protein that is involved in the pathology of both Alzheimer’s and chronic traumatic 
encephalopathy (CTE). The latter is seen in athletes, primarily football players and boxers who 
have experienced multiple concussive events. Tau is hyperphosphorylated and then mislocalized 
leading to neurofibrillary tangles which primarily impair axon functioning, but can have a more 
widespread effect as well (Gyoneva et al., 2015). Both amyloid plaques and tau tangles seen in 
Alzheimer’s are linked by p38 activation caused by oxidative stress, so it seems as though the 
oxidative stress is consistently part of the underlying cause. Oxidative stress activates the p38 
MAPK pathway, suggesting that p38 activity could be altered in this disease, leading to 
dysfunctions downstream, which can cause an array of complications. Possibly this is due to an 
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increased oxidative need in times of stress, and then when the brain is not equipped to handle the 
excess oxygen  species, it leads to pathologies via its induction DNA damage and then the p38 
pathway. 
 Huntington’s disease is another neurodegenerative disease, caused by repeats in the 
huntingtin protein. There is an increased binding activity of a subunit of NMDA receptors which 
is part of the cause of an increase NMDA-induced excitotoxicity also observed in this disease. 
Using comparison of p38 to JNK, research was able to parse out a specific role of p38, which 
contributes to the increase of excitotoxicity (Fan et al., 2012). P38 has a role in 
neuroinflammation and the microglial response, both of which are seen in Parkinson’s disease. 
This disease is marked by loss of dopamine in the substantia nigra, but it has been observed that 
there is increased microglial activation more universally in response to oxidative stress and pro-
inflammatory cytokines (Gupta et al., 2010).  
 
GSK3 and neurodegenerative disease 
GSK3 has also been linked to formation of the plaques and neurofibrillary tangles seen in 
Alzheimer’s, and inhibition specifically of the beta isoform of this kinase lead to a reduction in 
the tangles and plaques (Hurtado et al., 2012). Creating a buildup of plaques in lab settings has 
resulted in GSK3 overactivity, and utilizing a GSK3 inhibitor both reduced the plaque buildup, 
and reversed some of the cognitive effects (Avrahami et al., 2013). This activity on tau is 
indicated in both Alzheimer’s disease and CTE. In a postmortem study of ALS, another 
neurodegenerative disease, expression of phosphorylated GSK3b was seen to be significantly 
increased in the hippocampus and temporal cortex, whereas other forms of GSK3 and other 
kinases were not significantly increased (Yang, Leystra-Lantz & Strong, 2008). This suggests 
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that specifically the beta isoform of GSK3 is involved in the pathology, which is suitable, 
considering its high expression in the brain. 
 Nuclear factor kB is implicated in various neurodegenerative diseases, such as 
Alzheimer’s, Parkinson’s, Huntington’s, and even in various types of seizures, which, when 
frequent and unregulated can eventually lead to cognitive impairment reminiscent of 
neurodegeneration (Romano et al., 2006). The nuclear factor is disrupted when GSK3 is 
inhibited, and leads to a reduction of nuclear factor’s target proteins. The target proteins are 
important in cell growth, so reducing their expression results in reduced proliferation 
(Mamaghani, Patel & Hedley, 2009). Inhibition of nuclear factor kb is seen in GSK3 related 
apoptosis, further tying GSK to the nuclear factor, and the illnesses it has been implicated in. 
 
Figure 6. (Romano et al., 2011) 
The above figure shows the activity of nuclear factor kB in the 
control, and after low frequency stimulation (LFS) and high 
frequency stimulation (HFS). HFS is known to induce LTP, 
whereas LFS is not, so this suggests NFkb activity in long-
term potentiation and in effect, learning (Romano et al., 2011). 
This role of nuclear factor in learning could be why 
dysregulation of it via GSK over or underexpression can lead to diseases where both learning is 
hindered, and information is forgotten. 
 
There is the idea of a cognitive reserve against neurodegenerative disease, and 
considering GSK3’s role in synaptic plasticity by long-term potentiation and long-term 
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depression, GSK3 could be an underlying mechanism of this theory. Inhibition of GSK3 is seen 
to prevent long-term depression (Peineau et al., 2007). This would suggest that dysregulation in 
GSK3 can both result in tau buildup and improper storage of information, both of which could 
underlie symptoms in neurodegenerative disease. When a person has more information to store, 
or has more practice in using this process, it may be observed that they have a better distribution 
of GSK3 and a more resilient and practiced kinase, leading to resiliency against dysregulation of 
GSK3. It is seen that those with a higher level of education have a lower chance of developing 
Alzheimer’s disease, and this could be part of the biological reasoning behind the cognitive 
reserve. 
 Alzheimer’s and other neurodegenerative disease are associated with psychological 
symptoms, such as irritability, aggression and mood instability. A major symptom of CTE is 
depression, and has been the result of suicides in NFL players who were found to have the illness 
upon post-mortem evaluation. While these symptoms may be a reaction to general frustration 
surrounding their cognitive decline and progressive loss of independence, it is likely that the 
symptoms are related to observed brain changes. The brain changes are similar to those seen in 
various mental illnesses, providing support for mental illnesses, such as depression, being mild 
neurodegenerative diseases, in addition to the brain changes, such as in expression of p38 and 
GSK3 being the underlying mechanism of the illnesses and associated behaviors. The fact that 
p38 and GSK3 are both indicated in neurodegenerative disease pathologies would suggest that 
the activity of serine 389 is specifically underlying these diseases, as this is the site of p38 and 
GSK3 interaction. 
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Neurodegenerative disease and DNA damage 
 Amyloid protein, known to aggregate in Alzheimer’s has been observed to precede 
mitochondrial DNA damage. Both elevated levels of DSBs and reduced levels of proteins 
associated with DNA repair processes are observed in Alzheimer’s patients. The repair process 
affected has specifically been noted to be the end joining pathway, which is specific to DSBs 
(Shackelford, 2006). As previously mentioned, GSK3 has a role in cellular survival. This is seen 
in knockout mice, when the S389 site is eliminated. Mice with this genotype have decreased cell 
survival for cells undergoing DNA damage repair, and alternatively, when S389 is 
phosphorylated as a result of B cell activation, there is optimum survival during DNA repair 
(Thornton et al., 2015). These results suggest that GSK3 activity could be the underlying 
mechanism of DNA damage, and considering the role of GSK3 in Alzheimer’s, could 
specifically underlie Alzheimer’s pathology.   
 
Figure 7. (Thornton et al., 2015) 
This figure shows p38 expression to be present only where 
serine 389 is also present, which is in total thymocytes (T), 
double positive (DP) thymocytes, and double negative (DN) 
thymocytes. Mature CD4 and CD8 T cells did not show expression of these factors, though 
GSK3 was present throughout. DN and DP cells are undergoing development, thus they are 
rapidly proliferating, whereas mature cells are not. This may indicate p38 and serine 389 activity 
in proliferation, which was not observed to induce phosphorylation of GSK3, but did increase 
phosphorylation of p38 (Thornton et al., 2015). 
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 Oxidative stress has been linked to Alzheimer’s disease, and is thought to be one of the 
earliest metabolic signs of the disease as well as one of the primary mechanisms of an aging 
brain. In the aging brain, there is seen to be accumulation of DNA damage in postmortem 
studies, though, to my knowledge no studies have shown DNA damage in depression or anxiety 
(Songin et al., 2007). Oxidative stress leads to DNA damage, suggesting that DNA damage 
precedes Alzheimer’s disease. The exact function of DNA damage in Alzheimer’s or other 
neurodegenerative diseases is not well understood, but a possible role would be the interaction 
between p38, GSK3 and DNA damage. The kinases are both implicated in apoptosis, and are a 
part of the response to DNA damage. Apoptosis is seen in neurodegeneration, suggesting the 
three of these factors all being important in the disease pathology. 
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Chapter 4. 
P38 and Mental Illness via Stress 
 
Psychological stress 
 Cellular stress has been discussed at length in this paper, but it is not what is commonly 
thought of when individuals think of stress. In a broad sense, stress is any deviation from 
homeostasis, but this is easier thought of at the cellular level, leaving out the day to day stress 
people feel on a regular basis. The deviation from homeostasis is stressful because it poses a 
threat to our health, so applying this, one could say that psychological, or behavioral, stress is the 
response when something not necessarily physical or tangible threatens our well-being. This 
could be caused by the death of a loved one, a financial burden, workload, divorce or a plethora 
of other life events.  
 In animal studies, there are many behavioral responses to chronic variate stress, which is 
usually a two week paradigm of four or five different stressors given in random order every day 
for that fortnight. Some of these behaviors seen are reduced feeding, increased freezing to a tone 
previously linked to shock, increased freezing to a new context, increased startle amplitude, 
reduced mobility in forced swim, reduced exploration in an open field test, and many other 
measurable effects. These behaviors are why chronic variate stress is used to create animal 
models of depression. They mimic behaviors observed in humans with mental illness, such as 
appetite changes, reduced locomotion and increased fear. 
Stress is currently thought to be the primary cause of depression, which affects many 
individuals, and causes a significantly reduced quality of life. Bearing in mind the brain changes 
associated with stress, it is reasonable to think that in instances where stress is the cause of 
depression, it is specifically these brain changes that cause the illness. On a macroscopic scale, 
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studies have shown decreased volume in the hippocampus and medial prefrontal cortex in 
depressed individuals (Savitz & Drevets, 2009). The hippocampus is seen to be affected both by 
stress and in neurodegenerative diseases, with p38 as an underlying mechanism.  Depression can 
lead to other problems, such as addiction, in the most severe of cases can even lead to suicide. 
Depression has been implicated as a risk factor for Alzheimer’s disease, and can exacerbate 
various symptoms of other illnesses, both physical and mental (Butters et al., 2008).  
Stress is not only tied to depression, though, and various mental illnesses appear to have a 
significant link between stress and the course of the illness. Post-traumatic stress disorder is one 
of the more obvious incidences of stress being associated with mental health. An acute, large-
scale stressful or traumatic event precedes this illness, which is associated with symptoms such 
as guilt, anxiety, sleep disturbances and most characteristically, flashbacks. In rat models of 
PTSD, for those who had more PTSD-like responses there was significantly lower levels of p38 
in the hippocampus (Cohen et al., 2011). 
There are a range of anxiety disorders, which can be caused or exacerbated by varying 
things. Some are related to social interactions, and some are even more specific phobias. 
Generalized anxiety disorder is where there is no one particular entity that causes the person to 
feel as anxious as they do. It could be considered that this type of anxiety is marked by an 
inability to discriminate between threatening contexts and non-threatening ones, and this 
overgeneralization of fear is what is used for animal models of anxiety. Symptoms of anxiety 
disorders largely include feeling on edge, restlessness, worrying, irritability and can extend into 
physical symptoms such as heart pounding or nausea. Most of these symptoms are noted in 
response to chronic stress, and the physical symptoms can be tied to irregular peripheral nervous 
system fight or flight activity. Anxiety can be thought of as an improper, or exaggerated fear 
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response. Fear conditioning has been studied in depth using rodents, and it has been observed 
that mice that are exposed to chronic variate stress have increased fear responses, such as startle 
amplitude and freezing. Mice who were knocked in for GSK3, which means that GSK3 was 
unable to be phosphorylated, and thus was constantly active, were seen to freeze more than wild 
type mice. They were also observed to have a prolonged fear response, seen in the final minute 
of tone exposure (Thornton et al., 2015). 
Current pharmaceuticals for depression can sometimes serve as anxiolytics, and vice 
versa, which is convenient given the high comorbidity between depression and anxiety, and 
likely demonstrates similar underlying pathology. Irradiation has been noted to block behavioral 
antidepressant effects, linking both anxiety and depression to cellular stress, and thus p38, which 
has been noted in response to irradiation-induced DNA damage (Santorelli et al., 2003). This 
particularly links these two mental illnesses to neurogenesis as well as behaviors such as feeding, 
which is indicative of appetite.  
Stress is a common experience, and many are under stress frequently between work or 
school, interpersonal lives and management of any of life’s mishaps. Considering this, it may 
seem obvious that stress is a predecessor in anxiety and depression, which are two common 
mental illnesses. Schizophrenia, though, is a much less common mental illness, affecting only 
1.1% of the U.S.’s adult population (NIMH). Many theories surround the etiology of this disease, 
and genetics are indicated here moreso than other mental illnesses. Even with genetics thought to 
have a large role, though, stress is indicated as a likely environmental factor. Moving can be an 
extremely stressful occurrence, especially when someone is going to a new country with a very 
different culture than their own. There is a higher incidence of schizophrenia in those who have 
moved countries, than those who have lived in a similar place for the duration of their life. In 
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general, the stress of moving can be enough to precede mental illness. This can be seen by the 
number of psychiatric patients seen in hospitals who are foreign to the area in a disproportionate 
number to the diversity seen in the area the hospitals are serving. This, taken with the 
understanding that refugees may never seek treatment for their mental health due to insurance 
complications or fear of immigration laws, implies that this number is extremely 
disproportionate. Schizophrenia is a known neurodegenerative disease, and is associated with 
atrophy in the brain, which as previously mentioned can be related to both p38 MAPK and 
GSK3. 
There is a high comorbidity between mental illnesses, suggesting a common link in their 
cause and resulting symptoms. This high amount of multiple diagnoses in the psychiatric field 
could be due to the fact that symptoms are so similar, and that there is an abundance of overlap. 
Again, though, the behaviors are possibly the same because of the way the body and brain react 
to psychological stressors. The difficulty in distinguishing between mental illnesses is yet 
another reason to attempt to establish biological correlates, as more specific diagnosis can lead to 
more individualized treatments, yielding better outcomes. Stress seems to be a common link at 
the behavioral level, and this review has outlined both p38 and GSK to have diverse roles in the 
response to stress, both on a cellular and psychological level. 
Finding ways to reduce stress before it begins to have deleterious effects and turns into a 
psychiatric illness would likely be an effective approach to lessening the incidence of depression, 
but would be incredibly hard to catch so early on. Considering the low quality of life seen in 
stress-related illnesses, and the fact that suicide is one of the leading causes of death in younger 
age groups, the association between stress, mental illness and brain changes is an important 
subject to focus on.  
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P38, GSK and Psychological Stress 
 When people are stressed, there are many behaviors that may result, and there are many 
symptoms that can arise. Common symptoms of stress are poor appetite or overeating, 
concentration difficulty, as well as sleep disturbances. Looking at these behaviors and activity of 
p38 and GSK3 in these symptoms could provide more support of these kinases’ involvement in 
resulting behaviors from stress. Melatonin is a hormone that maintains circadian rhythms, and is 
seen to increase p38 activity (Deng et al., 2016). This could indicate that p38 has a role in sleep 
patterns, and p38 is found to regulate the circadian rhythms by having a consistent pattern, or 
rhythm, of activity (Vitalini et al., 2007). GSK3 also has a role on the circadian rhythm, and is 
seen to shorten the cycle, while lithium will lengthen them, thus restoring them (Hirota et al., 
2008). Overeating and undereating are both observed in response to stress, as well as in 
depression. Inhibition of p38 in rabbits who had a subarachnoid hemorrhage was seen to increase 
their appetite (Zhang et al., 2011). These studies show that these kinases that are so well studied 
in the context of cellular stress have behavioral consequences, and these behaviors are often 
disrupted in response to psychological stress.  
Immune function is seen to decrease in response to stress, and in disorders such as 
depression. While the immune function decrease could be due to poor nutrition, or other forms of 
lack of self-care seen in both stress and mental illness, p38 is directly linked to immune function. 
Macrophages participate in the immune response by functioning as a phagocytic cell. Inhibition 
of p38 is seen to trigger cell death of macrophages in response to a pathogen (Park et al., 2002). 
P38𝛼was the first identified member of the p38 family, and this isoform responds to 
lipopolysaccharide (LPS) stimulation. LPS induces synthesis in a type of white blood cell, called 
neutrophils, which participate in the antiviral response (Malcolm & Worthen, 2003). This link 
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between p38 and immune function could potentially explain why immune function is often 
depleted in stressed individuals, though at this point more studies need to be carried out before a 
conclusion like this could be drawn. Psychological stress is known to interrupt immune function, 
and p38 appears to have a role in both stress and immune pathways, so it is reasonable to suggest 
some sort of link could exist. These kinases are abundant in the brain, and considering their 
physiologic role, it is likely that they have a specific function in mental stress in addition to its 
role in physiological stress.  
Often in mental illness, people report difficulty concentrating, and this could be from a 
number of things, such as the feeling of “brain fog” some medications have, but looking at the 
role of p38 in different physical effects associated with concentration difficulty could support 
p38’s role in this symptom, thus indicating that it occurs as a result of the stress response. 
Synaptic dysfunction and behavioral deficits can be attenuated by inhibition of p38 (Munoz, et 
al., 2007). P38 is known to reduce synaptic density, and in dysregulation of the kinase, this 
density loss could be significant, causing changes at the behavioral level. Some studies have 
shown that the density of dendritic spines may be reflective of concentration and processing 
speeds (Zito & Murthy, 2002). This lack of concentration is noted in periods of high stress, and 
is frequently observed in students who feel overwhelmed by their workload, and then report 
being unable to focus.  
 
P38, GSK and the hippocampus 
 Stress leads to an array of neuroanatomical changes, such as within dendritic morphology 
and neuronal circuitry. These changes have been related to p38 and GSK3 in some studies, and 
others have implicated substrates of these kinases, suggesting their pathways have a role. With 
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stress, there is a reduction in dendritic length as well as a decrease in the number of branch 
points of a neuron, which results in less connectivity and less communication for the neuron. 
Three weeks of stress has been demonstrated to cause atrophy of CA3 pyramidal neurons in the 
hippocampus (Watanabe, Gould & McEwen, 1992). This is the same area that GSK3 
hyperactivity leads to cell death (Hare, 2015). These neurons are some of the principal neurons 
in the hippocampus, and are critical to its functioning. They have a role in memory, and context 
discrimination, and these neurons specifically are linked to creating high resolution depictions 
for spatial memory (Mizuseki et al., 2012). These structural changes in the brain affect their 
functioning, which can add more stress due to an element of frustration. If a person is having 
difficulty remembering something or concentrating, then this difficulty will likely upset and 
stress them further, creating a cycle of stress that is hard to break.   
There is a region in the hippocampus called the sub-granular zone, and this is one of the 
sites identified in the adult brain that is involved in neurogenesis, or the development of new 
neurons. The neurons here branch out to older neurons in the CA3 field, and these new neurons 
are negatively regulated by stress, which results in a decrease in neurogenesis (Fornal et al., 
2007). In adult mice that lack ample neurogenesis, there is a resulted maladaptive stress response 
that is implicated in various mental illnesses (Snyder et al., 2011). In gross anatomy, there has 
been an overall decrease in hippocampal size seen in individuals who are exposed to stress. In a 
neuroimaging study, regression analysis was used to determine severity of maltreatment or SES 
to define childhood stress and observe its relation to hippocampal volume. Maltreatment was 
able to predict the decrease in volume, whereas other structures, such as the amygdala, did not 
show a size difference, suggesting specificity of gross stress effects on the hippocampus (Lawson 
et al., 2017). This indicates apoptosis and atrophy as underlying morphological changes involved 
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in stress, and proposes an unclear role of GSK3, which is known to cause apoptosis when 
overactive. It is also known to be phosphorylated by p38, which occurs after stress that may 
underlie various pathologies, but is currently thought to be an inhibitory mechanism on GSK3. 
This phosphorylation of GSK3 may be an attempt to correct the overexpression and it would be 
prudent to observe a time lapse of degeneration as well as GSK3 phosphorylation to determine 
the order of occurrence. 
The hippocampus has long been a major focal point for scientists, and studies have it 
heavily associated with memory; its components, such as CA3 neurons, are frequently in 
literature associated with stress and depression. Reduced long term potentiation at these neurons 
is demonstrated in brain-derived neurotrophic factor (BDNF) knock-out mice, providing 
evidence for BDNF’s role in learning within this critical region of the hippocampus (Schildt et 
al., 2013). BDNF regulates GSK3, and the latter can also regulate BDNF’s signaling activity, 
suggesting a very close link between these factors, and a role of GSK3 in stress’ effects on the 
hippocampus. When these neurons are inactivated, there is impaired object recognition and 
extended conditioned fear, meaning that the extinction of the fear was impaired, whereas its 
acquisition was not (Heldt et al., 2007). BDNF increases cell survival and plays a role in 
neuroplasticity, and it has been observed, that hippocampal production of BDNF requires p38 
activation (Katoh-Semba, et al., 2009). BDNF’s activity was also blocked in astrocytes by a p38 
inhibitor (Rao et al., 2007). 
 Behaviorally, stress paradigms precede poor performance in spatial memory tasks such as 
the radial arm task (Luine et al., 1994). This same effect is evident in spatial memory when 
BDNF is deleted in the hippocampus. This neurotrophic factor has a large role in the 
hippocampus, which is thought to be linked to plasticity, and thus, learning and memory (Hall, 
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Thomas & Everitt, 2000). BDNF has increased expression following hippocampal-dependent 
tasks, suggesting it has a critical role in these functions. BDNF is responsible for the growth of 
neurons in the hippocampus as well as the cortex, so its importance extends beyond its role in the 
hippocampus.  This protein is necessary for brain development, as well as modulating aspects 
such as cell survival, differentiation, synaptogenesis and cell migration (Greenberg et al., 2009). 
Downregulation of BDNF is implicated in depression and stress-related pathology in the 
hippocampus, particularly in the dentate gyrus (Gronli et al., 2006). The effect of stress on 
neurophysiology and microscopic structures is expansive, and BDNF is only an example of the 
many involved proteins.  
 
Stress and other structures in the brain 
 There are many more effects of stress than the ones outlined above in the hippocampus, 
and activity of p38 and GSK3 underlies some of these changes as well. The hypothalamus-
pituitary-adrenal (HPA) axis plays a large role in stress regulation, and it is seen that the 
amygdala can activate this axis. The medial prefrontal cortex, which functions in emotional 
processing, plays a role in the inhibition of the HPA-axis, which is necessary for regulation of 
the stress response as overactivity is indicated in depression (Ostrander, Richtand & Herman, 
2003). The HPA-axis responds to glucocorticoids, and their receptors are regulated by p38 
MAPKs in that activation of this kinase leads to reduced GR function (Wang, Wu & Miller, 
2004). This suggests that p38’s role in this brain pathway is to limit its activity. Considering 
what happens as a result of overactivity in the HPA-axis, p38’s role is similar here to its role in 
apoptosis. It seems to block functions before they turn into disease pathologies. With this in 
mind, one would predict that p38’s role in GSK3 would be to prevent its overactivity from 
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becoming a problem, but given current evidence it may seem that the inactivation is either 
insufficient or too delayed. 
 Pituitary adenylate cyclase-activating peptide (PACAP) is increased following repeated 
stress exposure in the bed nucleus of the stria terminalis (BNST), which is involved in regulation 
of the HPA-axis. Increasing PACAP leads to both anxiety-type behaviors and an increase in 
HPA-axis activity (Lezak et al., 2015).  With use of a p38 inhibitor it was noted that p38 is 
important in the activation of PACAP (Taylor et al., 2013). The studied functioning of PACAP, 
links it to be a psychological stress responder and subsequently shows a mental-health related 
behavior, suggesting that stress is the cause of the behavior. This taken in tandem with the 
observation of p38’s role in PACAP regulation provides further links of p38 to both 
psychological stress and the consequent behavior. The BNST is a limbic forebrain structure that 
connects this region to hypothalamic and brainstem regions to carry out neuroendocrine and 
other functions. High levels of p38 are observed in this brain region, though are not ubiquitous 
and are only in specific types of neurons (Type III).  STEP neurons are also found in this region, 
and together with p38 may function to regulate synaptic plasticity specifically in the BNST 
(Dabrowska et al., 2014). 
 
Figure 8. (Radley et al., 2008) 
This figure shows an 11% loss in apical and basal 
dendritic density in stressed animals. The stressor used 
was restraint stress, which was used for six hours a day 
over the course of three weeks (Radley et al., 2008). 
This reduced density following psychological stress 
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could possibly be mediated by stress-activated phosphorylation of p38, as a marker of synapses 
was noted to be decreased in correlation to where p38 was activated (Liu et al., 2003). 
 
There are many known gross anatomical effects of mental stress and illness as well, most 
notably in the brain, where an MRI will reveal differences, such as a reduced hippocampal size 
in depressed individuals and those with PTSD (Bonne et al., 2001). Given what is known about 
how DNA damage affects cellular processes, this finding of reduced hippocampal size is 
possibly due to over expression of apoptotic mechanisms, such as GSK3 and p38, leading to 
neurodegeneration. The effect of stress on the brain, including decreased neurogenesis, has led 
some to conclude that chronic stress is in itself a “mild neurodegenerative disease” (Duman, 
2014). While chronic stress is thus commonly thought of as the problem, even acute, or short-
term, stress can create changes in the brain (Brown, Henning & Wellman, 2005).  In other words, 
stress, no matter its duration, can be detrimental and it is important to develop a better 
understanding of these effects, so that improved prevention and treatment can be created. P38 is 
widely implicated in neurodegenerative disease, and inhibition of p38 signaling can prevent 
axonal degradation, which occurs commonly at the onset of these diseases (Dapper, Crish, Pang 
& Calkins, 2013). These two ideas would suggest that p38 has a role in the decreased 
neurogenesis seen as a result stress. 
  
Stress, mental illness and neurodegenerative disease 
Observing roles of p38 and GSK3 in neurodegenerative diseases provides further 
evidence that these kinases are involved in both the brain changes and resulting behavior seen 
after stress and in mental illness. With a growing population, neurodegenerative diseases are 
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becoming increasingly common on their own, and studies detailing specifics of these diseases 
and their brain changes draws certain parallels to brain changes in depressed individuals. 
Neurodegenerative diseases are marked by progressive neuronal death, and are, at this point, 
incurable, including diseases such as Alzheimer’s, schizophrenia, and Parkinson’s. Alzheimer’s 
disease (AD), while still a large focal point of research, is generally thought to be caused in some 
way by protein aggregates. This causes brain changes such as neuronal death, decreased volume, 
and disrupted synaptic communication, leading to issues in cognition, particularly memory, in 
AD. Depression causes neuronal atrophy, focally decreased brain volume, and disruption in 
circuitry, leading to similar, though usually less severe functional deficits. BDNF has been 
implicated in depression, as mentioned previously, and there is also a link between this protein 
and AD. In autosomal dominant AD, one copy of the BDNF Met66 allele increased severity of 
memory impairment, and this polymorphism is known to reduce BDNF expression by about a 
third (Lim et al., 2016). Another study found that tau, which is the protein that causes 
neurofibrillary tangles in AD, seems to cause a down-regulation of BDNF, further implicating its 
role in the disease (Rosa et al., 2016). The evidence provided in this paper shows that p38 is 
activated in response to stress, both cellular and psychological. It has also shown that there are 
behavioral correlates of this activation, known in neurodegenerative diseases, and the phenotypes 
are similar to those of various mental disorders. P38 and GSK3 as the underlying mechanism in 
mental illness would provide a possible mechanism for the transition of mental illness to severe 
neurodegenerative diseases, such as Alzheimer’s, which has been noted to be higher in depressed 
populations. It is possible that when there is dysregulation for such a long period of time, p38 
and GSK3’s effect becomes so severe, that the resulting apoptosis is significant and irreversible, 
as seen in neurodegenerative diseases. 
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Just as BDNF is not the only difference in stressed brains compared to healthy 
counterparts, BDNF is not the only biochemical link between depression and neurodegenerative 
diseases. A postmortem study of patients with depression found increased concentrations of 
superoxide dismutase, which was likely a response to an increased amount of oxidative stress 
(Michel et al., 2007). Using animal models in the context of social defeat and a radial arm task, 
an association was found between anxiety-like behaviors, memory impairment and elevated 
oxidative stress biomarkers (Patki et al., 2013). Oxidative stress has been implicated in 
neurodegenerative diseases as well, with a theory suggesting that the free radicals are a huge 
factor in their pathogenesis (Rao & Balachandran, 2002). The age of onset may explain part of 
the reason why there are free radicals in brains of patients with AD, but these levels are higher 
than age matched controls, so it is more likely due to the disease itself. Sleep disturbances 
apparent in stress and depression may provide reasoning behind the increase in oxidative stress, 
as sleep is when your brain typically flushes the reactive oxygen species. Much like BDNF, the 
presence of these chemicals may be responsible to some of the symptoms that depression shares 
with AD. 
Depression in older individuals has been associated with more significant cognitive 
impairment, with studies finding impairment a year after treatment in individuals who had no 
impairment prior to depression diagnosis. The hippocampus of depressed individuals as well as 
animal models of stress have decreased volume compared to healthy counterparts, and the 
hippocampal dysfunction is thought to be why a common issue in depression, as well as with 
stress and various neurodegenerative diseases, is a marked difficulty with memory. Other studies 
have found depression to increase the risk of developing AD later (Butters et al., 2008). It is 
unclear whether or not depression is a cause of AD, a risk factor for AD, or if it causes 
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symptoms of AD to present earlier than usual; any of these explanations would help support the 
concept that depression is a mild neurodegenerative disorder with similar underlying pathologies. 
There is a debate in AD research about education’s effect on the disease, arguing about 
whether or not having more education acts as a cognitive reserve or not. The argument stems 
from the finding that those with higher education have a lower incidence of dementia and AD, 
and researchers hypothesize that this may be due to stronger connections, plasticity and other 
processes strengthened by learning being more resilient to dysfunction. Parallel to this would be 
having more connections in general allowing an equal loss of neurons without as much of an 
effect, due to the relative proportion. While many studies have provided evidence of the 
cognitive reserve being a preventative factor, studies also show that a larger cognitive reserve is 
associated with a more rapid decline, and an earlier AD related death (Stern, 2013). 
There is of course the possibility that a confounding variable, such as stress level or 
nutrition, is the reason why those with higher education have a lower risk of developing AD, as 
higher education is typically associated with a higher income, thus better nutrition and less 
financial stress. Even these explanations, though would point to deleterious effects, such as from 
malnutrition, being the cause of a higher incidence of AD in those with less education, which 
could still arguably be considered in line with the cognitive reserve hypothesis. This would still 
align with the idea that depression, and other stress-related illnesses, are mild neurodegenerative 
diseases.  
 
The model 
Symptoms of stress, such as change in eating and sleep habits, poor concentration and 
decreased immune function are also symptoms of many mental illnesses. Similar changes in 
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behaviors and similar symptoms could be the result of like changes in brain activity and 
anatomy, providing further evidence of how stress may commonly be a predecessor to mental 
disorders. Given the role of underlying mechanisms in some of these symptoms, it could be 
worthwhile to consider them in part to be underlying etiology in mental illness. P38 MAPK has 
long been studied as a key factor in the stress response, and data shows that it is activated by 
psychological stress, just as it is in response to cellular stress. This suggests that both of these 
types of stress are similar as far as the body’s reaction goes. It would also offer that the 
downstream activity is the same, as data has shown psychological stress leads to degeneration, 
and it is seen that activating p38 and GSK3 are seen to cause apoptosis when activated by 
cellular stress (Hare, 2015). This upregulation of the kinases activity is associated with behaviors 
that mimic phenotypes of mental illness, such as exaggerated fear (Hare, 2015). The response 
created by GSK3 and p38 could underlie mental disorder pathology given this evidence, and 
would also imply that stress precedes mental illness, which has been previously supported by 
some research. GSK3 is more specifically regulated by p38 in the brain, suggesting a paired role 
of the two in brain-related function and illness. If findings are consistent with the S389 site also 
being a site of inhibition, there are several possibilities that could explain why phosphorylating 
GSK3 would still lead to the apoptosis seen in overactivity. The degeneration that may result 
could be the result of cellular death instead of apoptosis, which possibly occurs due to damage 
being significant enough, but without GSK3 activity the death cannot be properly regulated. 
Other theories would include previously mentioned ideas of overcorrection or a tenuous balance 
system. 
YH2AX is an indicator of DNA damage, and is seen to be increased in response to a 
variate stress paradigm, indicating that psychological stress can create DNA damage, though it is 
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unclear what pathway leads between these two occurrences. This was seen in a significant 
amount in the BNST, which is an area known to have a role in the stress response. The DNA 
damage also increased p38 phosphorylation, which subsequently inhibited GSK3. When GSK3 
is active, there is evidence of DNA repair, and following DNA damage, the activity of GSK3 in 
the nucleus is not linked to serine 9, suggesting the activity may occur at the novel S389 site 
specifically (Hare, 2015). Exactly what role this damage is meant to play is unclear, as it could 
be a role in plasticity, or it could just be one of the quickest ways to carry out apoptosis when the 
cell is under stress. The DNA could create the double strand breaks in attempt to alter its protein 
expression, just as it does in the development of the adaptive immune response, but at this point 
it would be difficult to discern this as the role without more supporting evidence. In summation, 
evidence provided so far in this review leads to the conclusion that psychological stress precedes 
p38 activation and then phosphorylation of GSK3, and that this activity leads to physical changes 
such as degeneration and observable phenotypes such as exaggerated fear. This prolonged and 
exaggerated fear is indicative of anxiety and neuronal degeneration has been seen in depression, 
as well as in brain diseases with similar symptoms. On the surface level, stress seems to precede 
mental illness with DNA damage, GSK3, and p38 activity underlying the pathology that creates 
these behavioral and physiological changes. The DNA damage created as a response to 
psychological stress needs to be studied further, as it is currently unclear whether this would 
precede or follow p38 and GSK3 activity, though, given p38 and GSK3’s role in DNA repair and 
apoptosis, it would make sense that these would follow the damage.  
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Chapter 5. 
Importance and Future Directions 
 
Existing theories of mental disorder etiology 
There are theories in psychiatry surrounding etiology, and many of them are centered 
around stress, such as the HPA-axis theory of depression. This is an older theory that states 
depression is caused by HPA hyperactivity. The HPA is regulated by glucocorticoids, which are 
elevated in response to stress. This then causes overactivity of the HPA and this dysregulation 
can be lasting, as HPA activity is seen to be abnormal in various mental illnesses. The HPA is 
known to regulate functions such as neurogenesis and the immune system. This theory explains 
much about depression, and indicates a reason for why stress is considered to be the most 
common cause of the illness. While this theory has a lot of evidence, a need for something more 
specific needs to be found in order for any pharmaceutical treatments to be used. There is 
evidence that p38 injection leads to an acute increased response of the HPA, suggesting this 
kinase could be a part of this theory, which currently holds a lot of support (Felger et al., 2012).  
Studies with brain imaging have shown decreased volume in depressed individuals 
comparatively to healthy counterparts, and this is part of the evidence behind the neurotrophic 
theory. This theory focuses on neurogenesis, and states that decreased activity of factors 
involved in neurogenesis is the cause underlying depressive symptoms.  It is thought that the 
decrease in new growth and synaptic connections, and this theory is supported by various 
mechanisms of antidepressants. BDNF and GSK activity are linked as already described, and 
evidence also shows that p38 activation is required for BDNF activity as well (Katoh-Semba et 
al., 2009). 
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These theories are reasonable, and are probably accurate, though seem inadequate given 
they haven’t yet resulted in more efficacious treatments. A lot of them are related to processes 
and factors that are related to stress pathology, suggesting that studies were already leaning 
towards a stress-induced model of mental illness. Shifting the focus to kinases like p38 could 
actually combine these theories, and hopefully develop improved understanding and create novel 
treatments.  
 
New theories and psychiatry 
Understanding the underlying mechanisms of mental illness can lead to advancements in 
psychiatry. Currently, there are many medications, in a few different categories, divided up by 
their mechanism of action. Selective serotonin reuptake inhibitors, monoamine oxidase and 
tricyclic antidepressants are some of the categories of antidepressants that are used frequently. 
While some are effective for some people, it is exceptionally difficult to find the right medication 
at times. There are many external and internal factors that can lead to mental health problems, 
and given the diversity in onset, and the poor understanding it would not be viable for the 
existing medications to be effective in all cases. This range of causes in mental illness would 
provide support for a need in a high diversity of psychopharmaceuticals. This is on top of the fact 
that side effects of current medications can be severe, such as lithium toxicity or neuroleptic 
malignant syndrome. 
Current antidepressants currently take about two weeks to be effective, and in this period 
of time can increase symptoms of depression, such as suicidality, which prevents a lot of people 
from continuing to take the medication long enough for them to have their desired effect. A lot of 
medications are also rather sedating, which can be problematic, and may entice people to try and 
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use these drugs for overdose. Of course, this could be an issue with any medication, but 
searching for novel drug targets could result in the finding of safe and effective drugs, even in 
overdose. 
The finding that p38’s phosphorylation of GSK3𝛽at serine 389 may underlie various 
pathologies could become a novel drug target site. While there are many stories of recovery from 
mental illness, there are also a lot of relapses, which should encourage further research. One of 
the biggest risk factors of suicide, as well as psychiatric hospitalization, is prior suicide attempts 
and prior hospitalization, respectively. Prevention seems like it would be the best way, with 
particular respect to mental illness, as many illnesses can severely interfere with motivation to 
recover. It does not seem plausible that all mental disorders could be prevented all the time, but 
better understanding of the disease course and its cause could lead to better therapies, and more 
research surrounding stress reduction, which could be key in treating mental health disorders. 
 
Implications outside of psychiatry  
 The understanding that stress specifically is the preceding factor in this mechanism 
leading to mental illness can help prevention efforts and make people more aware of the 
profound effect various things can have on their well-being. The ties of this research in 
psychiatric treatment are clear, but it also builds upon the research of psychological stress felt by 
every individual, even those without mental illness. This knowledge of what stress can do to the 
brain may help people be more mindful of their stress in addition to how their actions can affect 
others.  
There is a lot of evidence that links stress to mental illness, including behavioral 
responses being similar, anatomical brain changes appearing the same, and underlying 
   
 
Carr 58 
 
physiology, namely p38 and GSK3 being indicated in both mental disorders and psychological 
stress. Currently, there is a large stigma placed upon psychiatric illnesses, which places an 
unnecessary added stress unto individuals. This stigma both prevents many from seeking 
treatment, and given the information outlined above, could worsen or exacerbate the illness. The 
effects of stigma, and by extension, hatred appears to have the ability to cause observable 
changes in physiological and anatomical processes.  
 This can be supported by the incidence of mental illness being higher in suppressed 
populations, such as racial minorities and in communities like the LGBT. It could also point to 
part of the reason why psychiatric disorders are often comorbid with stigmatized illnesses, such 
as HIV or epilepsy. Epilepsy, in particular, should be considered when thinking about 
neurophysiological effects of stress due to the fact that stress is a known trigger of seizures, 
providing more tangible support for biological effects of stress. Having biological links to 
behaviors, and therefore behavioral and psychological illnesses may help to mitigate some of the 
stigma surrounding mental health. A lot of people seem to think that mental illness is indicative 
of a person being weak or lazy, so having empirical evidence, such as p38 or GSK3 expression, 
that this is in fact not the case may help reverse some of these misconceptions. 
Epilepsy, while still stigmatized, has had large improvements in public perceptions, 
potentially assisted by the fact there has been physical causes of the disorder. Illnesses with 
visible, physical effects are rarely stigmatized, especially in comparison to mental illnesses, so it 
is reasonable to believe that finding hard evidence of bodily mechanisms behind mental health 
would reduce this stigma. Changing the public’s perception can foreseeably help people seek 
treatment when they need it, as well as reduce the added stress of having a stigmatized illness. 
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Considering the variety that exists in mental illnesses, and the differences present 
between each and every human, it would not be prudent to state that stress is always a precursor 
for mental illness. This does not mean that stress should not be studied, as it is clear that data is 
pointing toward stress being a huge factor for a large portion of mental health disorders. If stress 
and associated brain changes are a common cause, then recognizing stress early, and treating the 
stress is critical to saving people from dealing with these illnesses. Being able to prevent 
depression, anxiety and other illnesses before they began could be both life-changing and life-
saving for so many people. 
  
Further research 
The literature on p38 is vast, but it mainly focuses on cellular stress and p38’s role in the 
response to toxic external mechanisms, such as UV light. It is frequently found in research 
regarding cancer, and the literature on p38’s relationship to variate stress or conditioned fear is 
not extremely well rounded. There are many studies that could be performed in attempts to fill in 
potential gaps in linking p38 to mental illness. Using a stress paradigm, it would be beneficial to 
test freezing to tone and novel context after tone-shock comparing, and compare a control group 
to those who have p38 inhibitors on board. It would be important to repeat the study in several 
rounds, administering the drug at different times, such as before stress, before training, or during 
testing. This would help to parse out p38’s specific role in these anxiety-type behaviors, as well 
as provide information about timing of activation. It would be predicted that if p38 is prevented 
from being phosphorylated, then there will be more freezing in both the stressed and control 
groups, but the change will be more drastic in the stressed group receiving the inhibitor. It would 
be prudent to repeat this study, but with mice that are knocked out for GSK serine 389 so that it 
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could be determined whether the observed effect is due to general p38 activity, or specifically its 
activity at serine 389. GSK3b knockout studies need to be observed further, as currently studies 
with knockout mice for this kinase are not viable due to apoptosis in regions outside of the brain 
(Hoeflich et al., 2000). It would be helpful to specifically knockout this kinase in the brain to 
determine what its role when totally inactivated would be. 
Observing histological samples for double strand breaks after stress would be of use as 
well, and taking samples right after stress, and then after vehicle or p38 inhibitor administration 
would help specify p38’s role in DSBs, as well as if they exist after psychological stress. The 
experiments discussed in this paper that focused on GSK, DNA damage and behavioral stress 
responses utilized knockin mice that had constitutively active GSK. This means that the effects 
observed may be due to a difference in the development of these mice compared to wild type. 
Using a p38 inhibitor, to block phosphorylation of GSK, thus keeping it active would allow 
observation of the specific effects and bypass any possible developmental effects. Observing the 
expression of p38, GSK3 and double strand breaks in postmortem studies of humans with 
various mental illnesses would be necessary to bring a lot of this research’s relevance to humans. 
While animal models are extremely helpful in studies, basing everything off them before creating 
new treatments would be unwise, so ensuring expression of these kinases, and the presence of 
DNA damage in the brain would be key to tying this mechanism firmly to mental disorder 
pathology. 
 The novel serine site of GSK3b should be further explored as well. A downstream target 
should be observed in response to inducing phosphorylation by p38 at the novel site. This would 
help to determine whether phosphorylation at serine 389 is inhibitory as serine 9 is, or if it is 
excitatory. Inducing apoptosis and then selectively blocking serine 9 or serine 389 could help 
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determine the latter site’s role in apoptosis. To test if the function is more specific, DSB-induced 
apoptosis should be used and compared to other apoptosis-inducers.  
 Considering self-reports of stress relief while engaging in various activities, it could be 
useful to observe the effects of the activities on these pathways. For example, exercise is a stress 
reducer, which is known to have a plethora of benefits universally through the body. It has been 
researched in the context to help mitigate the progression of dementia, and considering the link 
of neurodegenerative disease, stress and kinases such as p38 and GSK3, these kinases may be 
involved in the beneficial effects during exercise. If the effects are consistent with regulation of 
p38 and GSK3, then developing specific exercise regimes to best benefit them could be created, 
and could be used as prevention and treatment of mental illness or even neurodegenerative 
disease. This would be a favorable alternative to many over pharmaceuticals to treat their illness, 
and could lead to overall improvements in health, which will tie back into general stress relief as 
health and accompanying financial burden can be huge stressors. 
 
Conclusions 
 There is an abundance of data tying p38 to various types of cellular stress, and a 
common end result of this response is cellular death. GSK3 also has a lot of evidence to link it to 
functioning in cellular death specifically in response to stress. The particular response of these 
kinases to DNA damage and this novel serine site of GSK imply that specifically this type of 
stressor may underlie many pathologies, from neurodegenerative diseases to mental illnesses. 
Many behaviors in response to stress are reminiscent of symptoms in mental illness as well as 
neurodegenerative disease, and many brain effects are similar as well. Taking the combination of 
research presented here, one could propose a model of mental illness, which occurs as a result of 
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stress. This stress creates changes in expression of kinases and DNA damage, which then carry 
out apoptosis, underlying atrophy observed in the mentally ill, stressed patients, and 
neurodegenerative disease, helping to make sense of why observable behaviors in each have so 
much overlap and so many similarities. 
 
 
  
   
 
Carr 63 
 
References 
Alberts B., Johnson A., Lewis J., et al. Molecular Biology of the Cell. 4th edition. New York:  
Garland Science; 2002. Programmed Cell Death (Apoptosis). 
An, H., Lu, X., Liu, D., & Yarbrough, W. G. (2011). LZAP Inhibits p38 MAPK (p38)  
Phosphorylation and Activity by Facilitating p38 Association with the Wild-Type p53  
Induced Phosphatase 1 (WIP1). PLoS ONE, 6(1). 
Akhtar, R.S., Ness, J.M., Roth, K.A. (2004). Bcl-2 family regulation of neuronal development 
and neurodegeneration. Biochimica et Biophysica Acta, 1644(2), 189–203. 
Avrahami, L., Farfara, D., Shaham-Kol, M., Vassar, R., Frenkel, D., & Eldar-Finkelman, H.  
(2013). Inhibition of Glycogen Synthase Kinase-3 Ameliorates β-Amyloid Pathology and  
Restores Lysosomal Acidification and Mammalian Target of Rapamycin Activity in the 
Alzheimer Disease Mouse Model: IN VIVO AND IN VITRO STUDIES. The Journal of 
Biological Chemistry, 288(2), 1295–1306.  
Beurel, E. & Jope, R.S. (2006). The paradoxical pro- and anti-apoptotic actions of GSK3 in the  
intrinsic and extrinsic apoptosis signaling pathways. Progressive Neurobiology, 79,  
173–189. 
Bittigau, P., Sifringer, M., Genz, K., Reith, E., Pospischil, D. Govindarajalu, S. . . . &  
Ikonomidou,C. (2002). Antiepileptic drugs and apoptotic neurodegeneration in the  
developing brain. National Academy of Sciences, 99(23), 15089-15094. 
Bodero, A.J., Ye, R. & Lees-Miller, S.P (2003). UV-light induces p38 MAPK-dependent  
phosphorylation of Bcl10. Biochemical and Biophysical Research Communications,  
301(4), 923-926. 
 
   
 
Carr 64 
 
Bonne, O., Brandes, D., Gilboa, A., Gomori, J.M., Shenton, M.E., Pitman, R.K. & Shalev, A.Y. 
(2001). Longitudinal MRI study of hippocampal volume in trauma survivors with 
PTSD. American Journal of Psychiatry, 158(8), 1248-1251. 
Brands, A.M., Kessels, R.P., Hoogma, R.P., Henselmans, J.M., van der Beek, J.W., Kappelle,  
 L.J. . . . & Biessels, G.J. (2006). Cognitive performance, psychological well being, and  
 brain magnetic resonance imaging in orlder patients with type 1 diabetes. Diabetes, 55,  
1800-1806. 
Brown, S.M., Henning, S., Wellman, C.L. (2005). Mild, short-term stress alters dendritic  
morphology in rat medial prefrontal cortex. Cerebral Cortex, 15(11), 1714-1722. 
Brooks, A.C., Menzies-Gow, N.J., Wheeler-Jones,  C., Bailey, S.R., Cunningham, F.M. & Elliot,  
J. (2007). Endotoxin-induced activation of equine platelets: evidence for direct activation  
of p38 MAPK pathways and vasoactive mediator production. Inflammation Research,  
56, 154–161. 
Cannell, I. G., Kong, Y. W., Johnston, S. J., Chen, M. L., Collins, H. M., Dobbyn, H. C., ... &  
Heery, D. M. (2010). p38 MAPK/MK2-mediated induction of miR-34c following DNA  
damage prevents Myc-dependent DNA replication. Proceedings of the National Academy  
of Sciences, 107(12), 5375-5380. 
Chen, C., Ji, M., Xu, Q., Zhang, Y., Sun, Q., Liu, J. . . . & Li, W. (2015). Sevoflurane attenuates  
stress-enhanced fear learning by regulating hippocampal BDNF expression and  
Akt/GSK-3𝛽signaling pathway in a rat model of post-traumatic stress disorder. Journal  
of Anesthesia, 29(4), 600-608. 
 
 
   
 
Carr 65 
 
Cho, S., Cha, B., Kwon, O., Lim, J., Shin, D., Han, D.W. & Cha, H. (2017). Wip1 directly  
dephosphorylates NLK and increases Wnt activity during germ cell development.  
Biochimica et Biophysica Acta, 1863(4), 1013-1022. 
Cohen, H., Kozlovsky, N., Matar, M. A., Zohar, J., & Kaplan, Z. (2011). The Characteristic  
Long-Term Upregulation of Hippocampal NF-κB Complex in PTSD-Like Behavioral  
Stress Response Is Normalized by High-Dose Corticosterone and Pyrrolidine  
Dithiocarbamate Administered Immediately after Exposure. Neuropsychopharmacology,  
36(11), 2286–2302.  
Collingridge, G.L., Peineau, S., Howland, .G. & Wang, Y.T. Long-term depression in the CNS. 
Nature Reviews Neuroscience,11(7), 459-473. 
Dabrowska, J., Hazra, R., Guo, J.-D., Li, C., DeWitt, S., Xu, J., … Rainnie, D. G. (2013).  
Striatal-enriched protein tyrosine phosphatase - STEPs toward understanding chronic  
stress-induced activation of CRF neurons in the rat BNST. Biological Psychiatry,  
74(11). 
Dai, H., Hu, W., Jiang, L., Li, L., Gaung, X., & Xiao, Z. (2016). P38 MAPK inhibition  
improves synaptic plasticity and memory in angiotensin II-dependent hypertensive mice.  
Scientific Reports, 6, 27600. 
Davis, A.J.. & Chen, D.. (2013). DNA double strand break repair via non-homologous  
End-joining. Translational Cancer Research, 2(3), 130-143. 
Deng, W., Zhang, Y., Gu., Cui, J., Duan, B., Wang, Y. & Du, J. (2016). Heat shock protein 27  
downstream of p38-PI3K/Akt signaling antagonizes melatonin-induced apoptosis of  
SGD-7901 gastric cancer cells. Cancer Cell International, 16(5). 
 
   
 
Carr 66 
 
Diehl, A., Cheng, M., Roussel, M.F. & Sherr, C.J. (1998). Glycogen synthase kinase-3𝛽 
regulates cyclin D1 proteolysis and subcellular localization. Genes & Development, 12,  
3499-3511. 
Ding, Q., Xia, W., Liu, J.C., Yang, J.Y., Lee, D.F. . . . & Hung, M.C. (2005). Erk associates with 
and primes GSK-3beta for its inactivation resulting in upregulation of eta-catenin.  
Molecular Cell, 19(2), 159-170. 
Dorion, S., Lambert, H. & Landry, J. (2002). Activation of the p38 signaling pathway by heat  
shock involves the dissociation of glutathione S-transferase mu from Ask1. The Journal  
of Biological Chemistry, 277, 30792-30792. 
Duman, R.S., (2014). Pathophysiology of depression and innovative treatments: Remodeling  
glutamatergic synaptic connections. Dialogues in Clinical Neuroscience, 16(1), 1-26. 
Evans, J., K, Y., Mata, W., Saquib, M., Eldridge, J., Cohen-Gadol, A., Leaver, H.A. . . . & Rizzo,  
M.T. (2015). Arachidonic acid induces brain endothelial cell apoptosis via 38-MAPK and  
intracellular calcium signaling. Microvascular Research, 98, 145-158. 
Farr et al. (2014). Antisense oligonucleotide against GSK-3𝛽 in brain of SAMP8 mice  
improves learning and memory and decreases oxidative stress: Involvement of  
transcription factor Nrf2 and implications for Alzheimer disease. Free Radical Biology 
and Medicine, 67, 387-395. 
Fan, J., Gladding, C.M., Wang, L., Zhang, L.Y., Kaufman, A.M., Milnerwood, A.J. & Raymond, 
L.A. (2012). P38 MAPK is involved in enhanced NMDA receptor-dependent  
excitotoxicity in YAC transgenic mouse model of Huntington disease. Neurobiological  
of Disease, 45(3), 999-1009. 
 
   
 
Carr 67 
 
Felger, J.C., Alagbe, O., Pace, T.W., Woolwine, B.J., Hu, F., Raison, C.L. & Miller, A.H.  
(2011). Early activation of p38 mitogen activated protein kinase is associated with  
interferon-alpha-induced depression and fatigue. Brain Behavior & Immunology, 25(6),  
1094-1098. 
Fornal, C. A., Stevens, J., Barson, J. R., Blakley, G. G., Patterson-Buckendahl, P., & Jacobs, B. 
L. (2007). Delayed suppression of hippocampal cell proliferation in rats following  
inescapable shocks. Brain Research, 1130(1), 48-53. 
Frame, S., Cohen, P., & Biondi, R. M. (2001). A common phosphate binding site explains the 
unique substrate specificity of GSK3 and its inactivation by phosphorylation. Molecular 
Cell, 7(6), 1321-1327.  
Fuster-Matanzo, A., Llorens-Martin, M., de Barreda, E. G., Avila, J., & Hernandez, F. (2011).  
Different susceptibility to neurodegeneration of dorsal and ventral hippocampal dentate  
gyrus: a study with transgenic mice overexpressing GSK3beta. PLoS ONE, 6(11),  
e27262. 
Garza, J.C., Guo, M., Zhang, W & Lu, X. (2012). Leptin restores adult hippocampal  
neurogenesis in a chronic unpredictable stress model of depression and reverses  
glucocorticoid-induced inhibition of GSK-3𝛽/𝛽-catenin signaling. Molecular  
Psychiatry, 17, 790-808. 
Guo, B., Zhang, W., Xu, S., Lou, J. Wang, S. & Men, X. (2016). GSK-3𝛽mediates  
dexamethasone-induced pancreatic-𝛽cell apoptosis. Life Science, 144, 1-7. 
Gutierrez-Uzquiza, A., Arechederra, M., Bragado, P. Aguirre-Ghiso, J.A. &  Porras, A. (2012).  
P38𝛼mediates cell survival in response to oxidative stress via induction of antioxidant  
genes. The Journal of Biological Chemistry, 287(4), 2632-2642. 
   
 
Carr 68 
 
Gyoneva, S., Kim, D., Katsumoto, A., Kokiko-Cochran, N., Lamb, B.T. & Ransohoff, R.M.  
(2015). Ccr2 deletion dissociates cavity size and tau pathology after mild traumatic brain 
injury. Journal of Neuroinflammation, 12(228). 
Gupta, S.P., Patel, S., Yadav, S., Singh, A.K., Singh, S. & Singh, M.P. (2010). Involvement of  
nitric oxide in maneb- and paraquat-induced Parkinson's disease phenotype in mouse: is  
there any link with lipid peroxidation? Neurochemical Research, 35, 1206–13. 
Gupta, V, Chitranshi, N., You, Y, Gupta, V., Klistorner, A. & Graham, S. (2014). Brain derived  
neurotrophic factor is involved in the regulation of glycogen synthase kinase 3𝛽 
(GSK3𝛽) signaling. Biochemical and Biophysical Research Communications, 454(3), 
381-386. 
Haigler, H.T. & McKanna, J.A. (1979). Rapid stimulation of pinocytosis in human carcinoma 
cells A431 by epidermal growth factor. Journal of Cell Biology, 83, 82-90. 
Hanks, S.K., & Hunter, T. (1995). The eukaryotic protein kinase superfamily: kinase (catalytic)  
domain structure and classification. FASEB Journal, 9,576–596. 
Hardy, M.M., Seibert,  K.,  Manning, P.T. & Tripp, C.S. (2002). Cyclooxygenase 2-dependent  
prostaglandin E2 modulates cartilage proteoglycan degradation in human osteoarthritis  
explants. Arthritis & Rheumatology, 46(7), 1789-1803. 
Hare, B. (2015). Glycogen synthase kinase-3: An investigation of the novel serine 389  
phosphorylation site. Dissertation for completion of PhD requirements at the University  
of Vermont. 
Her, J.H., Lakhani, S., Zu, K., Vila, J., Dent, P., Sturgill, T.W. & Weber, M.J. (1993). Dual 
phosphorylation and autophosphorylation in mitogen-activated protein (MAP) kinase 
activation. Biochemistry Journal, 296(1), 25-31. 
   
 
Carr 69 
 
Heidenreich, K.A. & Kummer, J.L. (1996). Inhibition of p38 mitogen-activated protein kinase 
by insulin in cultured fetal neurons. Journal of Biological Chemistry, 271(17), 
9891-9894. 
Hirota, T., Lewis, W.G., Liu, A.C., Lee, J.W, Schultz, P. & Kay, S.A. (2008). A chemical  
 biology approach reveals period shortening of the mammalian circadian clock by specific  
 inhibition of GSK-3𝛽. PNAS, 105(52), 20746-20751. 
Hoeflich, K. P., Luo, J., Rubie, E. A., Tsao, M. S., Jin, O. & Woodgett, J. R. (2000). 
Requirement for glycogen synthase kinase-3β in cell survival and NF-κB activation.  
Nature, 406, 86–90 
Hoppe, J.B., Coradini, K., Frozza, R.L., Oliveira, C.M., Meneghetti, A.B., Bernardi, A. . . . &  
Salbego, C.G. (2013). Free and nanoencapsulated curcumin suppresses 𝛽 
-amyloid-induced cognitive impairments in rats: Involvement of BDNF and Akt/GSL-
3𝛽signaling pathway. Neurobiology of Learning and Memory, 106, 134-144. 
Hui, K., Yang, Y., Shi, K., Luo, H., Duan, J., An, J. . . . & Xu, C. (2014). The p38  
MAPK-regulated PKD1/CREB/Bcl-2 pathway contributes to selenite-induced colorectal  
cancer cell apoptosis in vitro and in vivo. Cancer Letters, 354(1), 189-199. 
Hurtado, D. E., Molina-Porcel, L., Carroll, J. C., MacDonald, C., Aboagye, A. K., Trojanowski,  
J. Q., & Lee, V. M.-Y. (2012). Selectively Silencing GSK-3 Isoforms Reduces Plaques  
and Tangles in Mouse Models of Alzheimer’s disease. The Journal of Neuroscience, 
32(21), 7392–7402.  
Ichijo H. (1999). From receptors to stress-activated MAP Kinase. Oncogene, 18(45), 
6087–6093. 
 
   
 
Carr 70 
 
Ichijo, H. et al. (1997). Induction of apoptosis by ASK1, a mammalian MAPKKK that activates 
SAPK/JNK and p38 signaling pathways. Science, 275(5296), 90-94. 
Inagaki, N., Chihara, K.,. Arimura, N., Menager, C,. Kawano, Y., Matsuo, N. . . . & Kaibuchi, K.  
(2001). CRMP-2 induces axons in cultured hippocampal neurons. Nature Neuroscience,  
4, 781–782. 
Ishida et al. (1996). TRAF5, a novel tumor necrosis factor receptor-associated factor family 
protein, mediates CD40 signaling. Proceedings of the National Academy of Sciences of 
the United States of America, 93(18), 9437-9442. 
Ivanov, V.N., Fodstad, O. & Ronai, Z. (2001). Expression of ring finger-deleted TRAF2 
sensitizes metastatic melanoma cells to apoptosis via up-regulation of p38, TNF and 
suppression of NF-B activities. Oncogene, 20(18), 2243-2253. 
Jain, A.K. & Jaiswal, A.K. (2007). GSK-3beta acts upstream of Fyn kinase in regulation of  
nuclear export and degradation of NF-E2 related factor 2. Journal of Biological  
Chemistry, 282(22), 16502-16510. 
Jiang et al. (1997). Characterization of the structure and function of the fourth member of p38 
group mitogen-activated protein kinases, p38. Journal of Biological Chemistry, 272, 
30122-30128. 
Ju, H.; Behm, D.J.; Nerurkar, S.; Eybye, M.E.; Haimbach, R.E.; Olzinski, A.R. . . . &  Willette,  
R.N. (2003). P38 MAPK inhibitors ameliorate target organ damage in hypertension: Part 
1. p38 MAPK-dependent endothelial dysfunction and hypertension. Journal of 
Pharmacology and Experimental Therapy, 307(3), 932-938.  
 
 
   
 
Carr 71 
 
Katoh-Semba, R., Kaneko, R., Kitajima, S. Tsuzuki, M., Ichisaka, S., Hata, Y. . . . & Kato, K.  
(2009). Activation of p38 mitogen-activated protein kinase is required for in vivo  
brain-derived neurotrophic factor production in the rat hippocampus. Neuroscience,  
163(1), 352-361. 
Katome, T., Namekata, K., Guo, X., Semba, K., Kittaka, D., Kawamura, K. . . . & Harada, T.  
(2013) Inhibition of ASK1-p38 pathway prevents neural cell death following optic nerve 
injury. Cell Death & Differentiation, 20, 270–280. 
Kawasaki, H., Morooka, T., Shimohama, S., Kimura, J., Hirano, T., Gotoh, Y. & Nishida, E.  
(1997). Activation and involvement of p38 mitogen-activated protein kinase in  
glutamate-induced apoptosis in rate cerebellar granule cells. Journal of Biological  
Chemistry, 272, 18518-18521. 
Kim, H. W., Rapoport, S. I., & Rao, J. S. (2010). Altered expression of apoptotic factors and  
synaptic markers in postmortem brain from bipolar disorder patients. Neurobiology of  
disease, 37(3), 596-603. 
Kondratiuk, I., Devijver, H., Lechat, B., Van Leuven, F., Kaczmarek, L., & Filipkowski, R. K.  
(2013). Glycogen synthase kinase-3beta affects size of dentate gyrus and species-typical  
behavioral tasks in transgenic and knockout mice. Behavioral Brain Research, 248, 46-
50.   
Kotlyarov, A., Neininger, A., Schubert, C., Eckert, R., Birchmeier, C., Volk, H. & Gaestel,.  
(1999). MAPKAP kinase 2 is essential for LPS-induced TNF-𝛼biosynthesis. Nature 
Cell Biology, 1, 94-97. 
Lange, C., Mix, K., Rateitschak, K. & Rolfs, A. (2006). Wnt signal pathways and neural stem  
cell differentiation. Neurodegenerative Disorders, 3, 76-86. 
   
 
Carr 72 
 
Lawson, G.M., Camins, J.S., Wisse, L., Wu, J., Duda, J.T., Cook, P.A. … & Farah, M.J. (2017).  
Childhood socioeconomic status and childhood maltreatment: Distinct associations with 
 brain structure. PLoS ONE, 12(4). 
Lee, D. et al. (2014). Dephosphorylation enables the recruitment of 53BP1 to double-strand  
DNA breaks. Molecular Cell, 54(3), 512-525. 
Lee. S.H., Park, J., Che, Y., Han, P.L. & Lee, J.K. (2005). Constitutive activity and different 
localization of p38𝛼and p38𝛽MAPKs in adult mouse brain. Journal of Neuroscience  
Research, 60(5), 623-631. 
L'Episcopo, F., Tirolo, C. Testa, N., Caniglia, S., Morale, M.C. Serapide, M.F., Pluchino, S. &  
Marchetti, B. (2014). Wnt/β-catenin signaling is required to rescue midbrain  
dopaminergic progenitors and promote neurorepair in ageing mouse model of Parkinson's 
 disease. Stem Cells, 32, 2147–2163. 
Lezak, K.R., Roelke, E. Harris, O., Choi, I., Edwards, S., Gick, N. … & Hammack, S.E. (2015). 
Pituitary adenylyl cyclase activating peptide (PACAP) in the bed nucleus of the stria  
terminalis (BNST) increases corticosterone in male and female rats. 
Psychoneuroendocrinology, 45, 11-20. 
Li, X. & Heyer, W. (2011). Homologous recombination in DNA repair and DNA damage  
tolerance. Cell Research, 18(1), 99-113. 
Linding, R., Jensen, L.J.,. Ostheimer, G.J., van Vugt, M.A., Jørgensen, C. & Miron, I.M. (2007).  
Systematic discovery of in vivo phosphorylation networks. Cell, 129, 1415–1426. 
Li, Y., Liu, L., Barger, S. W., & Griffin, W. S. T. (2003). Interleukin-1 mediates pathological 
effects of microglia on tau phosphorylation and on synaptophysin synthesis in cortical  
neurons through a p38-MAPK pathway. Journal of Neuroscience, 23(5), 1605-1611. 
   
 
Carr 73 
 
Malcolm, K.C. & Worthen, G.C. (2003). Lipopolysaccharide stimulates p38-dependent  
induction of antiviral genes in neutrophils independently of paracrine factors. The  
Journal of Biological Chemistry, 278(18), 15693-15701. 
Mamaghani, S., Patel, S., & Hedley, D. W. (2009). Glycogen synthase kinase-3 inhibition  
disrupts nuclear factor-kappaB activity in pancreatic cancer, but fails to sensitize to  
gemcitabine chemotherapy. BMC Cancer, 9(1), 132. 
Manke, I.A., Nguyen, A., Lim, D., Stewart, M.Q., Elia, A.E. & Yaffe, M.B. (2005). MAPKAP 
kinase-2 is a cell cycle checkpoint kinase that regulates the G2/M transition and S phase 
progression in response to UV irradiation. Molecular Cell, 17(1), 37-48. 
Maurer, U., Charvet, C., Wagman, A.S., Dejardin, E. & Green, D.R. (2006). Glycogen synthase 
kinase-3 regulates mitochondiral outer membrane permeabilization and apoptosis by  
destabilization of mcl-1. Molecular Cell, 21, 749-760. 
McAlees, J.W. & Sanders, V.M. (2008).  Hematopoietic protein tyrosine phosphatase mediates  
𝛽 −adrenergic receptor induced regulation of p38 mitogen-activated protein kinase in B  
lymphocytes. Molecular and Cellular Biology, 29(3), 675-686. 
Moriguchi et al. (1996). A novel kinase cascade mediated by mitogen-activated protein kinase 
kinase 6 and MKK3. Journal of Biological Chemistry, 271, 13675-13679. 
Munoz, L., Ranaivo, R., Roy, S.M., Hu, W., Craft, .M., McNamara, L.K. . . . & Watterson, D.M.  
(2007). A novel p38 alpha MAPK inhibitor suppresses brain proinflammatory cytokine  
up-regulation and attenuates synaptic dysfunction and behavioral deficits in an 
Alzheimer’s disease mouse model. Journal of Neuroinflammation, 4(21). 
 
 
   
 
Carr 74 
 
Munsen, G., Lyoo, I.K., Sparks, C.R., Weinger, K., Hwang, J., Ryan, C.M. . . . & Jacobson,  
 A.M. (2006). Effects of type 1 diabetes on gray matter density as measured by voxel- 
 based morphometry. Diabetes, 55, 326-333. 
Nadal, E., Ammerer, G. & Posas, F. (2011). Controlling gene expression in response to stress. 
Nature Reviews Genetics, 12, 833-845. 
Naidu, S.D., et al. (2016). Heat shock factor 1 is a substrate for p38 mitogen-activated protein  
kinases. Molecular and Cellular Biology, 36(18), 2403-2417. 
Nelson, C., Kim, M., Hsin, H., Chen, Y. & Sheng, M. (2013). Phosphorylation of threonine-19  
 of PSD-95 by GSK-3β is required for PSD-95 mobilization and long-term depression.  
Journal of Neuroscience, 33, 12122–12135. 
Ogura, M. & Kitamura, M. (1998). Oxidant stress incites spreading of macrophages via 
extracellular signal-regulated kinases and p38 mitogen-activated protein kinase. Journal 
of Immunology, 161, 3569-3574. 
Olive, P.L. (1998). The role of DNA single- and double-strand breaks in cell killing by ionizing  
radiation. Radiation Research, 150(5), 42-51. 
Ostrander, M.M., Richtand, N.M. & Herman, J.P. (2003). Stress and amphetamine induce Fos 
expression in medial prefrontal cortex neurons containing glucocorticoid receptors. 
Brain Research, 990(1), 209-214. 
Papoff, G., Hausler, P., Eramo, A., Pagano, M.G., Di Leve, G., Signore, A. & Ruberti, G. (1999)  
Identification and characterization of a ligand-independent oligomerization domain in the  
extracellular region of the CD95 death receptor. Journal of Biological Chemistry 274,  
38241–38250. 
 
   
 
Carr 75 
 
Park, J.H., Park, E.B., Lee, J.Y. & Min, J. (2016). Identification of novel membrane-associated 
prostaglandin E synthase-1 (mPGES) inhibitors with anti-influenza activities in vitro. 
Biochemical and Biophysical Research Communications, 469(4), 848-855. 
Park. J.M., Greten, F.R., Li, Z. & Karin, M. (2003). Macrophage apoptosis by anthrax lethal  
factor through p39 MAP kinase inhibition. Science, 297(5589), 2048-2051. 
Parrott, A. C. (1999). Does cigarette smoking cause stress?. American Psychologist, 54(10), 817. 
Pedraza-Alva, G., Koulnis, M., Charland, C., Thornton, T., Clements, J.L., Schlussel, M.S. &  
Rincon, M. (2006). Activation of p38 MAP kinase by DNA double-strand breaks in  
V(D)J recombination induces a G2/M cell checkpoint. The EMBO Journal, 25(4), 763-
773. 
Peineau S., Taghibiglou C., Bradley C., Wong T. P., Liu L., Lu J. . . . & Collingridge G. L.  
(2007). LTP inhibits LTD in the hippocampus via regulation of GSK3beta. Neuron, 53,  
703–717. 
Prickaerts, J., Moechars, D., Cryns, K., Lenaerts, I., van Craenendonck, H., Goris, I., . . .  
Steckler, T. (2006). Transgenic mice overexpressing glycogen synthase kinase 3beta: a  
putative model of hyperactivity and mania. Journal of Neuroscience, 26(35), 90229029.  
Puigserver, P., Rhee, J., Lin, J., Wu, Z., Yoon, J.C., Zhang, C. . . . & Spiegelman, B.M. (2001).  
Cytokine stimulation of energy expenditure through p38 MAP kinase activation of  
PPAR Coactivator-1. Molecular Cell, 8(5), 971-892. 
Radley, J.J., Rocher, A. B., Rodriguez, A., Ehlenberger, D. B., Dammann, M., McEwen, B. S., . .  
. & Hof, P. R. (2008). Repeated stress alters dendritic spine morphology in the rat medial  
prefrontal cortex. Journal of Comparative Neurology, 507(1), 1141-1150.   
 
   
 
Carr 76 
 
Ramakrishnan, R., Kempuraj, D., Prabhakaran, K., Jayakumar, A. R., Devi, R. S.,  
Suthanthirarajan, N., & Namasivayam, A. (2005). A short-term diabetes induced changes  
of catecholamines and p38-MAPK in discrete areas of rat brain. Life sciences, 77(15),  
1825-1835. 
Rao, J.S., Ertley, R.N., Lee, H., DeMar, J.C., Arnold, T. Rapoport, S.I. & Bazinet, R.P. (2007).  
N-3 polyunsaturated fatty acid deprivation decreases frontal cortex BDNF via a p38 
MAPK-dependent mechanism. Molecular Psychiatry, 12, 36-46. 
Richter-Landsberg, C., Wyttenbach, A. & Arrigo, A.P. (2009). The role of heat shock  
proteins during neurodegeneration in Alzheimer's, Parkinson's and Huntington's  
disease, Heat Shock Proteins in Neural Cells, 81–99. 
Romano, A., Freudenthal, R., Merlo, E. & Routtenberg, A. (2006). Evolutionarily-conserved role  
of the NF-kappaB transcription factor in neural plasticity and memory. European Journal  
of Neuroscience, 24, 1507–1516. 
Sanchez, J.F., Sniderhan, L.F., Williamson, A.L., Fan, S., Chakraborty-Sett, S. & Maggirwar,  
S.B. (2003). Glycogen synthase kinase 3𝛽-mediated apoptosis of primary cortical  
astrocytes involves inhibition of nuclear factor kB signaling. Molecular and Cellular  
Biology, 23(13), 4649-4662. 
Saucedo, L.J., Gao, X., Chiarelli, D.A., Li, L., Pan, D., & Edgar, B.A. (2003). Rheb promotes  
cell growth as a component of the insulin/TOR signalling network. Nature Cell Biology,  
5, 566–571. 
Savage, M.J., Lin, Y., Ciallela, J.R., Flood, D.G. & Scott, R.W. (2002). Activation of c-Jun  
N-terminal kinase and p38 in an Alzheimer’s disease model is associated with amyloid  
deposition. Journal of Neuroscience, 22(9), 3376-3385. 
   
 
Carr 77 
 
Savitz, J. & Drevets, W.C. (2009). Bipolar and major depressive disorder: neuroimaging the  
developmental-degenerative divide. Neuroscience Biobehavioral Reviews, 33(5),  
699-771. 
Schafer, M., Goodenough, S., Moosmann, B. & Behl, C. (2004). Inhibition of glycogen  
synthase kinase 3𝛽is involved in the resistance to oxidative stress in neuronal HT22  
cells. Brain Research, 1005(1-2), 84-89. 
Shackelford, D.A. (2006). DNA end joining activity is reduced in Alzheimer’s disease.  
Neurobiology of Aging, 27(4), 596-605. 
Snyder, J. S., Soumier, A., Brewer, M., Pickel, J., & Cameron, H. A. (2011). Adult hippocampal 
neurogenesis buffers stress responses and depressive behaviour. Nature, 476(7361),  
458-461. 
Song, G., Ouyang, G., & Bao, S. (2005). The activation of Akt/PKB signaling pathway and cell  
survival. Journal of Cellular and Molecular Medicine, 9(1), 59-71. 
Song, J., Teng, X., Cai, Y., Tang, C. & Qi, Y. (2009). Activation of Akt/GSK-3𝛽signaling  
pathway is involved in intermedin1-53 protection against myocardial apoptosis induced  
by ischemia/reperfusion. Apoptosis, 14, 1061-1069. 
Songin, M., Jesko, H., Czapski, G., Adamczyk, A., & Strosznajder, R. P. (2007). GSK-3beta and  
oxidative stress in aged brain. Role of poly (ADP--ribose) polymerase-1. Folia  
Neuropathol, 45(4), 220-229. 
Stambolic V, Ruel L, Woodgett JR (1996). Lithium inhibits glycogen synthase kinase-3 activity 
and mimics wingless signalling in intact cells. Current Biology, 6, 1664–1668. 
 
 
   
 
Carr 78 
 
Suo, Z., Liu, J., Xue, M. Yang, Y., Yang, X., Xie, J. & Hu, X. (2017). Striatal-enriched  
phosphatase 61 inhibited the nociceptive plasticity in spinal cord dorsal horn of rats.  
Neuroscience, 352(6), 97-105. 
Taylor, R. D., Madsen, M. G., Krause, M., Sampedro-Castañeda, M., Stocker, M., & Pedarzani, P.  
(2014). Pituitary adenylate cyclase-activating polypeptide (PACAP) inhibits the slow  
afterhyperpolarizing current sIAHP in CA1 pyramidal neurons by activating multiple signaling 
pathways. Hippocampus, 24(1), 32–43.  
Thornton, T.M., Delgado, P., Chen, L., Salas, B., Krementsov, D., Fernandez, M. (2015).  
Inactivation of nuclear GSK by Ser389 phosphorylation promotes lymphocyte fitness  
during DNA double-strand break response. Nature Communications, 7. 
Thornton, T. M., Pedraza-Alva, G., Deng, B., Wood, C. D., Aronshtam, A., Clements, J. L., . . . 
Rincon, M. (2008). Phosphorylation by p38 MAPK as an alternative pathway for  
GSK3beta inactivation. Science, 320(5876), 667-670.   
Uno, H., Tarara, R., Else, J. G., Suleman, M. A., & Sapolsky, R. M. (1989). Hippocampal  
damage associated with prolonged and fatal stress in primates. Journal of Neuroscience, 
9(5), 1705-1711.   
Vitalini, M.W., de Paula, R.M., Goldsmith, C.S., Jones, C.A., Borkovich, K.A. & Pell-Pederson, 
D. (2007). Circadian rhythmicity mediated by temporal regulation of the activity of p38 
MAPK. PNAS, 104(46), 18223-18228. 
Wang, X., Wu, H. & Miller, A.H. (2004). Interleukin 1𝛼 (IL-1𝛼) induced activation of p38  
mitogen-activated protein kinase inhibits glucocorticoid receptor function. Molecular  
Psychiatry, 9, 65-75. 
 
 
   
 
Carr 79 
 
Warmerdam, D.O., Brinkman, E.K., Marteijn, J.A., Medema, R.H. Kanaar, R. & Smits, V.A. 
(2013). UV-induced G2 checkpoint depends on p38 MAPK and minimal activation of  
ATR-Chk1 pathway. Journal of Cell Science, 126, 1923-1930. 
Widmann, C., Gibson, S., Jarpe, G.M. & Johnson, G.L. (1999). Mitogen-activated protein 
kinase: conservation of a three-kinase module from yeast to human. Physiology, 79, 
143-180. 
Winzen, R., Kracht, M., Ritter, B., Wilhelm, A., Chyi-Ying, A. Chen, A.S. . . . & Holtmann, H.  
(1999). The p38 MAP kinase pathway signals for cytokine-induced mRNA stabilization 
 via MAP kinase activated protein kinase 2 and an AU-rich region-targeted mechanism. 
The EMBO Journal, 18, 4969-4980. 
Woodgett, J. R. (1990). Molecular cloning and expression of glycogen synthase kinase3/factor 
A.” EMBO Journal, 9(8), 2431-2438.   
Xu, J., Kurup, P., Zhang, Y., Goebel-Goody, S.M., Wu, P.H., Hawasli, A.H. . . . & Lombroso,  
P.J.. (2009). Extrasynaptic NMDA receptors couple preferentially to excitotoxicity via  
calpain-mediated cleavage of STEP. Journal of Neuroscience, 29, 9330–9343. 
Yang, J., Ru, J., Ma, W., Gao, Y., Liang, Z., Liu, J. & Li, L. (2015). BDNF promotes the growth 
of human neurons through crosstalk with the Wnt/𝛽-catenin signaling pathway via  
GSK-3𝛽. Neuropeptides, 54, 35-46. 
Yang, W., Leystra-Lantz, C., & Strong, M. J. (2008). Upregulation of GSK3β expression in  
frontal and temporal cortex in ALS with cognitive impairment (ALSci). Brain research,  
1196, 131-139. 
 
 
   
 
Carr 80 
 
Zaid, K.W., Chantiri, M. & Bassit, G. (2016). Recombinant human bone morphogenetic 
protein-2 in development and progression of oral squamous cell carcinoma. Asian 
Pacific Journal of Cancer Prevention, 17(3), 927-932. 
Zer, C., Sachs, G. & Shin, J.M. (2010). Identification of genomic targets downstream of p38 
mitogen-activated protein kinase pathway mediating tumor necrosis factor- signaling. 
Physiological Genomics, 31(2), 343-351. 
Zhang, D., Guo, M., Zhang, W., & Lu, X. Y. (2011). Adiponectin stimulates proliferation of  
 adult hippocampal neural stem/progenitor cells through activation of p38 mitogen- 
activated protein kinase (p38MAPK)/glycogen synthase kinase 3beta (GSK-3beta)/beta- 
catenin signaling cascade. Journal of Biological Chemistry, 286(52), 44913-44920.  
Zhang, H., Wu, F., Kong, X., Yang, J., Chen, H., Deng, L., … Xiao, J. (2014). Nerve growth  
factor improves functional recovery by inhibiting endoplasmic reticulum stress-induced  
neuronal apoptosis in rats with spinal cord injury. Journal of Translational Medicine, 12,  
130. 
Zhang, X., Zhao, X.D., Shi, J.X. & Yin, H.X. (2011). Inhibition of the p38 mitogen-activated  
protein kinase (MAPK) pathway attenuates cerebral vasospasm following experimental  
subarachnoid hemorrhage in rabbits. Annals of Clinical and Laboratory Science, 41(3), 
244-250. 
 
